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ABSTRACT 
The development of composites with improved mechanical and impact 
resistance properties has attracted considerable attention within the defence 
and aerospace industries. These composites are finding applications in vehicle 
or aircraft structures which are frequently exposed to impact from bird strikes, 
hailstorm, dropped tools and runway debris. In addition, exposure to extreme 
conditions such as high levels of UV light exposure or extreme temperatures 
increases the brittleness of the polymer matrix, ultimately leading either to the 
loss of mechanical properties such as compression strength or even to the 
catastrophic structural failure of the composites. 
The aim of this PhD project was to develop toughened and self-healing 
composites in which delamination and crack growth can be managed to an 
acceptable level. This was attempted using a new epoxy-based resin modified 
with photoresponsive azobenzene. Mechanical properties of the composites, 
toughened by azobenzene, were improved as a result of the photo-induced 
changes in the azobenzene structures. Initial works were to identify, synthesise 
and characterise appropriate photoresponsive resins that were thought to offer 
composites with enhanced properties. The synthesis of azobenzene acrylic- 
and epoxy-based polymers were accomplished using conventional wet 
chemistry. Their properties were triggered by different stimuli and characterised 
using 1H NMR, UV/Vis and FTIR spectroscopy, DSC, GPC, rheology, and 
nanoindentation. 
The azobenzene/acrylic-based copolymer films showed a significant 
photomechanical behaviour. Nanoindentation analysis demonstrated a 
maximum increase in stiffness of 19% with an optimum azobenzene loading of 
30 mol%. Such an enhancement in stiffness was attributed to the photoinduced 
reorganisation of the polymer chains by geometrical isomerisation (trans to cis 
isomers) of the azobenzene chromophores. 
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Analysis of the thin films by optical microscopy demonstrated a healing effect of 
the indented region under UV irradiation suggesting that this class of polymers 
can be used as self-healing materials. 
Ultrasound was also found to trigger cis  trans isomerisation in the solid state 
at a much slower rate (120-150 min) than by visible light (30-60 s). 
Azobenzene-modified epoxy resins were synthesised by optimising an existing 
synthetic route and their responses to light and curing behaviour with a common 
amine hardener (a curing agent for epoxy resin, used to initiate 
curing/hardening) were assessed. The resulting kinetic reactions were 
investigated using isothermal (95°C) and dynamic heating scans (30-180°C) in 
a DSC and by simultaneously monitoring the spectral information using a NIR-
FTIR spectrometer. The modified epoxy azobenzene resin proved to be reactive 
enough to form a network that can withstand temperatures of up to 200°C. 
The azobenzene-epoxy resins exhibited high dimensional stability, stiffness 
enhancement and healing behaviour when they were exposed to UV light. Gas 
pycnometer studies demonstrated constant volume and density values of the 
resins before and after UV irradiation. 
Optical and atomic force microscopes were used to assess and quantify the 
healing effect of damaged azobenzene-based polymer films. An intrinsic healing 
(73% of the total damaged area) was caused by the UV-induced molecular 
mobility of azobenzene in a 3D crosslinked network. The influence of UV light 
and the effect of azobenzene loading on the epoxy-based polymeric matrices 
were also evaluated after fracture mechanics analysis and it was found that an 
11% increase in fracture toughness was observed with 10 mol% azobenzene 
(without exposure to UV light). On the contrary UV light increased the 
brittleness of the matrix with higher azobenzene loading. 
The azobenzene-modified epoxy resin was used to produce glass fibre-
reinforced composites. Their photo-induced properties were investigated by 
compression, impact and post-impact compression testing. The composites 
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exhibited an increase (3-16%) in compressive strength after exposure to UV 
light due to the trans  cis isomerisation. Moreover, it was demonstrated that 
the introduction of a small fraction of azobenzene (10 mol%) into the 
composites enhanced their impact resistance by 10% when subjected to high 
velocity impacts (190 m/s). The absorbed energy of the azobenzene 
composites which had been previously exposed to UV light was also increasing 
linearly with the azobenzene loading. 
Keywords: Photosensitive polymers; mechanical properties; azobenzene; 
self-healing; epoxy glass fibre composites 
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1 INTRODUCTION 
1.1 General Overview 
Polymer matrix composites are common and used in many engineering 
applications, such as commercial and military aircraft structural components.1-3 
Their uses are advantageous due to their high specific strength, high specific 
stiffness and light weight properties in comparison to metals.4 Composites that 
are used as primary structures in defence and aerospace applications, are well 
known to undergo extensive matrix cracking and delamination damage during 
impact. Bird strikes and hail ice in the case of aircraft platforms, as seen in 
Figure 1.1.1, are some examples of impact events after which the compressive 
strength of fibre-reinforced polymer composites is reduced.5, 6 Furthermore, out 
of all of the environmental effects (such as temperature, ultraviolet (UV) light or 
erosion by the air stream), UV irradiation is one of the most damaging 
parameters to polymeric materials. Exposure to these extreme conditions 
weakens the resin component of the composite, reducing their overall strength 
before the composite part cracks or delaminates. According to Kumar et al. the 
formation of micro-cracks in the epoxy matrix occurs due to the increased 
cross-linking from photo-oxidation reactions that are activated by UV light which 
induces the polymer matrix to become more brittle.7 The consequence of this 
damage is the loss of mechanical properties such as compression strength and 
can even lead to catastrophic structural failure of the composites. 
For this reason composite parts with the ability to exhibit tolerance to 
delamination, damage and impact when they are subjected to harsh 
environmental conditions such as UV light or extreme temperatures are 
required. 
One of the methods used to develop composites with enhanced stiffness, 
impact strength and fracture toughness is the incorporation of nano fillers such 
as nano clays, nano fibres and nano tubes.8 Avila et al. demonstrated that the 
dissolution of 5% montmorillonite (MMT), which is a colloidal layered silicate 
mineral, into an epoxy system has led to an increase in stiffness (by 11%) and 
INTRODUCTION 
2 
 
energy absorption (by 4%) for 80 J impact energy.9 The authors attributed these 
changes to the presence of nanoclays which affected the failure mechanism 
from interlaminar to an intralaminar failure and enhanced the mechanical 
properties of glass fibre composites. 
Nevertheless a big disadvantage of this approach is the possibility for 
agglomeration of the nano fillers inside the matrix due to the absence of 
chemical bonding between the polymer and the particles or improper dispersion 
that can result in stress concentration and might lead to the composites’ 
failure.10 
The studies presented here aim to moderate the deterioration of the 
composite’s mechanical properties and to reduce the formation and growth of 
micro-cracks with a new approach. 
 
Figure 1.1.1 Plane's fuselage and wings are made largely from carbon-fibre 
composite (Taken from Ref.5), b) and c) damage due to bird strike (Taken from 
Ref.6) 
This will be accomplished by incorporating stimulus-triggered materials, such as 
photoresponsive (or photosensitive) polymers into laminated composite 
systems.11 Photoresponsive polymers are defined as polymers that respond to 
UV or visible light by undergoing changes in their chemical structures 
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(geometrical isomerisation, ring-opening, etc.) and/or their physical properties 
(absorptivity, polarity, pH etc.).12, 13 Their inclusion into a polymer composite will 
have a direct effect on the latter’s mechanical properties, such as stiffness or 
hardness, once they are exposed to sunlight or other stimuli. These polymers, 
whose strength is expected to increase after exposure to UV radiation, may 
have the ability to improve the mechanical properties of composites. The 
beneficial results of the enhancement of the polymer composites with 
photoresponsive character will be highlighted by evaluating the post-impact 
mechanical properties of the composites. The combination of increased 
toughness and healing characteristics will improve the structural integrity of the 
composite structures, hence increase safety and reduce down time and 
maintenance costs of any application into which the modified material is 
incorporated. 
In this work, the synthesis of light triggered polymers and formulation of 
composite materials are addressed in an attempt to generate photomechanical 
responses that will improve the mechanical properties of the materials. 
Azobenzene was the photoresponsive molecule that was chosen as the focus 
of this study. It has the ability to change its geometrical structure reversibly from 
trans↔cis by undergoing a photoisomerisation reaction, after exposure to 
specific wavelengths of light. More significantly, azobenzene functionalised 
molecules were synthesised, characterised, then polymerised or co-
polymerised prior to the manufacture of epoxy/glass fibre composites with a 
strong interfacial bonding that can effectively transfer the load from the matrix to 
the reinforcement. 
Two kinds of polymers were investigated: the acrylic-based, which belong to 
thermoplastic elastomers, and the epoxy-based, which belong to thermosetting 
polymers. The thermoplastics have the ability to be remoulded, by heat or 
solvents, as their curing process is reversible. They can be used for recyclable, 
reshaping or high-impact resistance applications. On the other hand, the 
thermosetting polymers do not exhibit a reversible curing process, as they 
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contain a cross-linked network of polymer chains and can be used for 
applications that require high temperature or deformation resistance.14 
Understanding the effect of azobenzene photoisomerisation, when incorporated 
into acrylic or epoxy resin matrices, on the mechanical properties of the 
materials is of high importance. This information may contribute to the 
improvement of composite structures. 
Polymethacrylic copolymers with azobenzene in the side chains and a loading 
range of between 0-100 mol% were synthesised using a free radical 
polymerisation. Their optical, spectral, thermal and mechanical properties were 
examined with respect to the changes that are provoked by UV radiation. 
Investigations into reversible or repeatable behaviour of the synthesised light-
triggered azobenzene polymers are summarised. In addition, the influence of 
different stimuli, such as heat and ultrasound waves, was investigated by 
UV/Vis, nuclear magnetic resonance (NMR) spectroscopy and high 
performance liquid chromatography (HPLC) analyses. The generation of simple 
polymeric thin films gave the opportunity to perform nanoidentation experiments 
that allowed a more in-depth and detailed understanding of the photo-induced 
changes in the mechanical properties as a function of the concentration of 
azobenzene. 
Studies investigating the healing effect upon the indented areas of the polymer 
films containing azobenzene, were performed using optical and digital 
microscopy after being subjected to UV irradiation. These polymers belong to 
the un-reinforced acrylic resins and they have possible applications in the 
cosmetic repairing of vehicle bodies for instance where fast action is required to 
prevent crack propagation.15 
Regarding the epoxy-based polymers, a modified resin, consisiting of a 
difunctional epoxy azobenzene monomer was synthesised. It was used at 
different molar ratios (1–10%) in a common bi-resin (epoxy/hardener)/glass 
fibre reinforced composite system. The azobenzene modified resin was mixed 
with the bi-resin system and the composite panels were manufacturing by the 
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autoclave process. Fracture mechanics and nanoindentation tests of the cured 
azobenzene resins were conducted before and after exposure to UV light as 
initial tests to understand whether or not the photo-induced mechanical changes 
of the polymers can be transferred into the whole composite matrix and affect 
the stiffness of the composite. 
Healing of damaged areas after exposure to UV light was analysed using an 
atomic force microscope (AFM). Compression tests of the azobenzene 
composite panels and impact and post-impact tests on non-UV and UV 
irradiated specimens were performed in order to identify the effect of 
photoisomerisation on the propagation of the caused damage. 
For the first time the use of azobenzene in composite materials with glass fibre 
reinforcement has been demonstrated and their effects on physical and 
mechanical properties of the composites after exposure to various stimuli, like 
light, heat and ultrasound waves. Those materials and methods might be 
beneficial for future applications in manufacturing composites with enhanced 
impact damage tolerance and improved resistance to deterioration of structures 
in harsh environments. 
 
1.2 Aims and Objectives 
The aim of this PhD project was to develop toughening and healable 
composites where delamination and crack growth can be managed. This was 
achieved by incorporating photoresponsive polymers into the composite matrix. 
With the aid of these polymers the mechanical properties of the composites 
should be improved even after UV irradiation. The main objectives of the 
programme were: 
 Synthesis of a series of azobenzene precursors, monomers, homopolymers 
and copolymers 
 Characterisation and identification of azobenzene monomers and polymers 
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 Formulation of photoresponsive composites by incorporating azobenzene-
based polymers 
 Characterisation of the mechanical properties of composites before and after 
UV irradiation 
 Investigation and evaluation of the impact tolerance of the composites 
before and after UV irradiation 
The first part of the project was to synthesise and characterise photosensitive 
polymers whose stiffness and strength is expected to increase after exposure to 
UV radiation. It was necessary to synthesise these polymers because the 
photosensitive molecules cannot make a significant contribution to photo-
induced changes in the matrices when they are only doped. However, these 
changes are profound when they are covalently attached to a polymeric chain. 
When the photosensitive molecules are doped, their influences are more local, 
whereas when they are attached to a polymeric backbone, they affect the whole 
chain. Upon selection of a suitable photoresponsive polymer, the next step was 
the formulation of composite materials by incorporating the monomer into the 
resin prior to consolidating the composite. The toughening and healable 
characteristics of the photosensitive polymeric composites were assessed by 
monitoring their post-impact behaviour before and after exposure to UV 
radiation. It was expected that when the photosensitive and resin molecules are 
well-bonded together, the delamination in the composites would be reduced and 
their strength and rigidity would be improved. 
 
1.3 Innovation of project 
 Existing knowledge: 1.3.1
Previous researchers have demonstrated that using doped or chemically 
incorporated photosensitive azobenzene into polymers leads to changes in the 
physical and mechanical properties of the whole polymeric matrix after 
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exposure to light.16-20 Very few studies though have considered the 
incorporation of azobenzene-based polymers into composites. 
Umeyama et al. reported for the first time in 2010 the dispersion of azobenzene 
polymers with carbon nanotubes and demonstrated photoresponsive behaviour, 
with geometrical changes, by spectroscopic analysis.21 Later, Vijayakumar et al. 
and Imin et al. confirmed the photo-induced spectroscopic changes of different 
azobenzene-based polymers reinforced with carbon nanotubes.22, 23 The next 
study was published by Kawata et al. in 2015 using composite gels that 
consisted of doped azobenzene molecules and polymer silica particles.24 The 
authors observed a gel-sol transition in the composite gels, upon UV irradiation, 
which was attributed to the azobenzene that underwent the transcis 
isomerisation. Moreover the azobenzene in the composite gels acted as a 
repairing mechanism for surface cracks. 
 What is unknown? 1.3.2
An area of study is the effect of the azobenzene on the behaviour and 
properties of the fibre-reinforced polymer composites. Can the azobenzene 
toughen the composites under impact? Can the physical changes in 
azobenzene occur within the composites, resulting in improvement of the 
matrix-dominated mechanical properties and healing of the damage? Among 
various stimuli that trigger isomerisation in azobenzene molecules, sonication is 
one that has not been examined in solid materials. 
 What is the novelty of this project? 1.3.3
In this project there were seven new and significant studies that were 
conducted, aiming to understand the behaviour of azobenzene and its 
modifying effect when incorporated into polymers and composite materials. 
These are as follows: 
 Sonication [irradiation with ultrasound waves] as a stimulus on solid-state 
azobenzene-based polymers 
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 The optimum amount of azobenzene within the polymeric matrices 
corresponding to the maximum photo-mechanical effect 
 Reaction kinetics of epoxy azobenzene resins with common hardeners 
 The influence of azobenzene on fracture mechanics of polymeric 
matrices 
 Investigation of the compression properties of azobenzene-based epoxy 
resin/glass fibre composites before and after exposure to UV light 
 Investigation of the healing effect of azobenzene in polymeric matrices 
and azobenzene-based epoxy resin/glass fibre composites before and 
after exposure to UV light 
 Investigation of the impact tolerance of azobenzene-based epoxy 
resin/glass fibre composites before and after exposure to UV light 
1.4 Outline of Thesis 
This dissertation consists of five chapters. The present chapter, Introduction, 
provides a general overview of the project, the problem statement and the 
ultimate aims of this PhD project. The Theoretical Background chapter follows, 
where a review of azobenzene photosensitive polymers and composites is 
presented. The third chapter, Experimental Methods, outlines the materials and 
the characterisation techniques for the polymers, including their theory and the 
mechanical testing methods used for the composites. Results and Discussion is 
the fourth chapter, where all the results from the characterisation of the 
synthesised polymers, the mechanical testing of the azobenzene polymers and 
epoxy/glass fibre composites are presented and discussed. The last chapter is 
the Conclusions, which contains the main outcomes from the PhD project and 
suggestions for future studies. Figure 1.4.1 presents the overall structure of this 
thesis. 
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Figure 1.4.1 Thesis flowchart 
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2 THEORETICAL BACKGROUND 
2.1 Fundamentals of synthetic polymers 
A polymer is a large molecule built up by the repetition of small units, called 
monomers.2, 25 Monomers have either multiple covalent (double or triple) bonds 
or reactive functional groups, which permit them to connect to each other to 
produce polymers.26 
 
Table 2.1.1 Synthetic polymers and their applications 
Polymer Repeat Unit Monomer Applications 
Polymethyl 
methacrylate 
(PMMA) 
O
O
n
 
O O
 
Aircraft and aquarium 
windows, lenses, human 
tissues, etc. 
Polyvinyl 
chloride 
(PVC) Cl
n
 Cl 
Pipes, plastic cards, 
cables, etc. 
Polystyrene 
(PS) 
n
 
 
Food packaging, cups, 
CD cases, etc. 
Polybutadiene 
(PB) 
n 
 
Tyres, rubbers, etc. 
Polypropylene 
(PP) 
n
 
 
Carpets, baby bottles, 
food containers, bags, 
etc. 
 
Polymers are molecules of great importance that have a large variety of 
applications in modern life. They are segregated in two main categories, natural 
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and synthetic. Some polymers with their repeated unit and their applications are 
summarised in Table 2.1.1. 
Natural polymers have been known and used by people for many years. They 
are natural molecules such as DNA, cellulose and cotton. On the other hand, 
synthetic polymers exhibit unique properties like rubber elasticity or high tensile 
strength. They are used instead of the biological ones, as the basic 
“ingredients” for the industrial production of clothes, furniture, medical 
equipment, food packaging, etc.2, 25 
The common characteristic of all the polymers is the repetition of their 
monomeric units. They differ in chemical structures and architectures which 
trigger the variations in their properties. In some cases the repetition of 
monomers is linear, like a chain, in other cases the chains are branched or 
cross-linked, forming a network. Different types of polymer chains are 
schematically shown in Figure 2.1.1. 
Figure 2.1.1 Structure of linear, branched and network polymer chain 
The linear polymers are molecules whose repeat units are connected to each 
other into a linear backbone. Under specific conditions, e.g. if the polymer is 
heated, free movement can be observed, which explains the elastic or glassy 
behaviour of elastomers or thermoplastics. For example, polyethylene is a linear 
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polymer with the following structure generated from CH=CH monomers, where 
n is the number of the repeat units. 
~~CH2- CH2- CH2- CH2- CH2-~~  or  -[- CH2- CH2-]n- 
Branched polymers are characterised by more than two linear chains connected 
at a single or multiple junction point. They can be synthesised from monomers 
with more than two functional groups. Their intermolecular forces are weaker 
than those of linear polymers because the branched molecules are linked with 
one another more distantly. Thus branched molecules display more flexible 
properties. For instance, the branched polyethylene is well known for its 
flexibility, which makes it ideal for the production of grocery bags.27 
Network or cross-linked polymers are formed when linear polymers react with a 
multifunctional reactive agent, known as cross-linking agents. Polymers with a 
greater number of crosslinks are harder, more rigid and more tolerate to 
deformation. They cannot be dissolved in solvents due to the presence of 
strong covalent bonds. On the other hand, those with less crosslinks and more 
flexible branches tend to exhibit more reversible properties, like reshaping after 
heating or when subjected to solvents.25, 26 Polymers with linear structure have 
the potential to become stiffened and strengthened by the cross-linking 
mechanism, where linkages are formed between the chains. Difunctional 
epoxies are a key example of cross-linking polymers. 
Polymers are also divided into two other important groups, as has been 
previously mentioned within the Introduction Chapter, depending on their 
thermal behaviour. These are the thermoplastics and the thermosets. The 
thermoplastic polymers are formed from one kind of polymer chains, while the 
thermosets are synthesised by cross-linking multifunctional units of the same or 
different monomers.3 When thermoplastics are heated, their thermal energy 
overcomes the weak bonds between chains, so the substance becomes softer 
until it melts. Thermosets are synthesised by the reaction between a 
multifunctional hydrocarbon molecule, more specifically a resin, and a hardener, 
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which attaches the resins together. Thermosets are stronger and more 
thermally stable than the thermoplastics and cannot be deformed by heat due to 
these rigid bonds between the polymer chains.28 For example PMMA, a typical 
thermoplastic polymer, consists of only C-C and C-H covalent bonds which are 
weaker than the –N=C=O bonds present in a polyurethane thermoset. 
 
 Overview of polymerisation methods 2.1.1
The method by which monomers are transformed into a polymer is called 
polymerisation and is divided into two types: step-growth and chain-growth 
polymerisation. In order to obtain the desired polymer it is necessary to 
determine which reaction is suitable with respect to the repeated monomeric 
units. 
In step-growth polymerisation (e.g. condensation) all molecules (monomer, 
oligomer and polymer) can react with any other molecule. The reaction 
proceeds fast at the beginning but the molecular weight increases only slowly 
and high molecular weight polymers are only obtained at the end of the 
process.29 A condensation polymerisation is used for monomers with 
difunctional or multifunctional groups such as –X, –OH, –COOH, –NH2, etc. 
This is usually a reaction procedure accompanied by the elimination of a small 
molecule like H2O, HCl, etc. 
Figure 2.1.2 Reaction scheme for condensation polymerisation. 
 
Condensation reactions occur when a nucleophile attacks a hydrogen rather 
than a carbon atom. This can be explained by the fact that the nucleophilic 
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substance acts as a base. In these reactions a small molecule like HBr or H2O 
is eliminated as is illustrated in Figure 2.1.2. By this approach there is a fast and 
a slow intermediate step. The latter one is also the rate determining step. 
An example of condensation polymerisation is this between epoxy and amine 
with elimination of a H2O molecule. Epoxy is composed of a three-member ring 
(oxirane or epoxy ring), containing an oxygen atom that is bonded with two 
carbon atoms. Epoxy resin is a molecule that contains more than one of these 
epoxy rings and their number per molecule demonstrates the functionality of the 
resin. Epoxy groups react with suitable curing agents or by homopolymerisation 
(use of catalyst) to form cross-linked polymeric structure. 
An amine as curing agent or hardener is a base, added to an epoxy resin to 
promote the curing reaction by chemically reacting with each other. They 
become solidified through a chemical curing reaction shown in Figure 2.1.3.30 
Primary amines react with an epoxy group to form a hydroxyl group and a 
secondary amine. The secondary amines react further (but with half reactivity 
than of this of the primary amines) with an epoxy to form a tertiary amine and an 
additional hydroxyl group. 
The liquid epoxy resins are generally the most desirable to use in composite 
formulations due to ease handling, high reactivity and crosslink density. The 
crosslink density results in a good heat and chemical resistance to the 
composite materials.31 
Azobenzene epoxy functionalised molecules have been synthesised and 
studied by elementary and spectroscopic techniques but they have not yet been 
examined with regards to their reactivity or curing behaviour in a composite 
system.32 It is of great interest to investigate the use of photoresponsive epoxy 
resins into composite materials, for the contribution of possible new desired 
properties. Recently, an azobenzene-based liquid-crystalline polymer/nanotube 
composite strip showed fast and reversible deformation under UV irradiation.33 
The associated nanotube structure also demonstrated that the composite strip 
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had much higher mechanical strength compared to the unfilled azobenzene 
polymer. 
 
Figure 2.1.3 Representation of curing reaction between epoxy resin and amine 
(hardener) 
 
On the other hand, chain growth polymerisations (e.g. addition) occur where 
polymer chains grow by reaction of monomer with a reactive end-group on the 
growing chain.29 The reaction speed depends on the concentration of initiator 
and high-molecular weight polymers form throughout the duration of the 
reaction. Long reaction times have high degrees of conversion but without 
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affecting significantly the molecular weight. Addition polymerisations are chain 
reactions which transfer the monomers into polymers, activated by the opening 
of the double bond with a free radical or ionic initiator. The repeated unit of the 
polymer has the same chemical composition as the monomer, e.g. ethylene 
CH2=CH2 forms polyethylene –(CH2–CH2)n–, without any molecule being 
eliminated. The monomers should have double or triple bonds for this 
polymerisation. A free radical polymerisation involves initiation, propagation, 
and termination steps. The initiation step starts the polymerisation by forming a 
radical with the aid of an initiator, for example azoisobutyronitrile (AIBN). The 
propagation step extends the chains by the addition of more repeating units with 
the initiated radicals, while the termination step involves the deactivation of the 
radical by combining the radicals or by adding a terminating agent. The route of 
free radical polymerisation is written as follows: 
I → 2R-      (Initiation) 
 
R- + M → RM-     (Propagation)  
 
RM- + M → RMM- 
 
RMn-1- + M → RMn- 
 
RMn- + RMn- → RMn-MnR    (Termination) 
 
The initiators that are utilised for addition polymerisation are activated thermally 
or by light irradiation to start the polymerisation reaction. Especially in 
polyacrylate esters, radical polymerisation happens easily enough due to the 
intermediate carbon radical which is stabilised by conjugation with the carbonyl 
group, shown in Figure 2.1.4. 
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Figure 2.1.4: Reaction scheme for free radical polymerisation 
 
In a wide range of studies conventional free radical polymerisation has been 
preferred method for the synthesis of azobenzene- based polymers to be 
studied in this project,11,12,19, 34, 35 since this method is simple and cost effective. 
For example, it can be conducted by mixing and heating an appropriate amount 
of monomer, initiator and solvent (not necessarily). Then the polymerisation 
process is continued under a specific time and temperature, depending on the 
kinetics of the reaction. Finally, the polymer should be isolated from the solvent 
by a more appropriate technique like crystallisation, precipitation or evaporation 
of solvent. Common organic solvents used for polymerisation are, for example, 
tetrahydrofuran (THF), chloroform (CHCl3), and dimethylformamide (DMF). 
The free radical polymerisation technique is often used for preparation of 
polymeric films containing azobenzene molecules by photopolymerisation.36-39 
Photopolymerisation involves the use of UV and visible light that produces free 
radicals leading to the formation of a polymer or its network. The reaction rates 
can be controlled and increased by turning the light on and off and by changing 
the light intensity, respectively. Photopolymerisation can be fast and conducted 
at room temperatures and thus offers cost-effectiveness and environmental 
benefits.40 
Not all monomers can be polymerized by a specific chain polymerisation 
method. On Table 2.1.2 different polymerisation methods can be seen. There is 
a selectivity factor that depends on the chemical structure of each molecule. As  
mentioned earlier, if there is a double bond, such as in MMA then radical 
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polymerisation is more preferable, whereas for instance for the formation of 
polyethylenimine (PEI) networks, polymerisation occurs via the condensation 
reaction. 
Table 2.1.2 Polymerisation methods used for different azobenzene matrices 
Polymeric matrices containing 
azobenzene 
Polymerisation 
methods 
Initiators Ref. 
Cross-linked liquid-crystalline 
polycarbonate 
Photopolymerisation Irgacure- 
784 
36, 37, 
41 
Graft PMMA Free radical 
polymerisation 
AIBN 42, 43 
PCL and PVE Cationic 
polymerisation 
BF3-OEt2 
44 
PMMA brushes Surface radical 
polymerisation 
AMCS 45 
Polycarbonate Free radical 
polymerisation 
AIBN 46 
PMMA Free radical 
polymerisation 
AIBN 19, 34, 
35 
PEI, PDADMAC Condensation 
polymerisation 
- 47 
PEA networks Free radical 
polymerisation 
AIBN 48 
Acrylate elastomeric networks Photopolymerisation CBC 38 
Some new synthetic methods are also available for the preparation of polymers 
with predetermined conformational structure.27 Radical polymerisation 
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techniques that can be used in order to achieve a predetermined molecular 
mass and molecular structure are the “living” polymerisations, like atomic 
transfer radical polymerisation (ATRP) or reversible addition fragmentation 
chain transfer (RAFT). 
RAFT polymerisation provides the ability to control polymerisation of most 
monomers by radical polymerisation. These include (meth)acrylates, (meth) 
acrylamides, acrylonitrile, styrenes, dienes and vinyl monomers. It is tolerant of 
unprotected functionality in monomer and solvent (e.g. OH, NR2, COOH, 
CONR2). The process is compatible with a wide range of reaction conditions 
(e.g. bulk, organic or aqueous solution, emulsion, suspension). RAFT 
polymerisation has been successfully applied to the synthesis of carboxyl 
functional poly(methyl methacrylate) and primary amino-functional polystyrene 
through the use of appropriately designed RAFT agents. 
 
 General properties of polymers 2.1.2
The physical and mechanical properties of polymers are essential in 
determining their uses for specific applications. Generally, the mechanical 
behaviour of polymers that indicates their deformation under stress is the 
leading selectivity factor for their application. 
The molecular mass and molecular mass distribution govern the properties of 
polymers, and especially are related to their mechanical properties.26 The term 
molecular mass is used to define the size of a polymer from the ratio of the 
average mass per chain unit of a substance to 1/12 of the mass of an atom of 
12C. As can be seen in Figure 2.1.5 there is a curve to describe the correlation 
of mechanical strength with polymer molecular weight. The mechanical strength 
of a polymer starts at a certain value and increases linearly with its molecular 
weight until reaches a particular point where the polymer with high molecular 
weight exhibits high strength and then gradually approaches a final value. 
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Figure 2.1.5 Plot showing the correlation between mechanical strength and 
polymer molecular weight (Taken from Ref.28) 
 
The mechanical properties of a polymeric material can be characterised by 
stress vs. strain plots, as seen in Figure 2.1.6.a. Rigid plastics exhibit high 
strength while the flexible plastics demonstrated at the beginning a linear 
increase between stress and strain and at a significant point, called the yield 
point, the material was deformed shown by a parallel straight line to the strain 
axis. On the other hand, the elastomers are less strong than the other two 
materials and their strain is increased proportionally to the applied stress. The 
ultimate or tensile strength that is the stress required to break the polymeric 
sample and the critical elongation until the rupture of the sample, are the two 
first characteristics that indicate the mechanical character of the polymers. 
As can be seen from Figure 2.1.6.b toughness and strength are different 
measures. Toughness measures the energy that a sample can absorb before it 
breaks. The modulus (strength) that expresses the resistance to deformation is 
measured by the initial stress divided by the ultimate elongation and finally the 
elastic elongation which is the extent of the reversible elongation.28 Elastic 
properties of substances which are elongated or compressed can be described 
as the ratio of the stress to the strain, a factor called the Young's modulus of a 
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material. Young's modulus calculates the elongation on condition that the stress 
is below the strength of a sample. 
 
Figure 2.1.6 a) Stress–strain plots for an elastomer, flexible plastic, rigid plastic, 
and fibre b) stress-strain curve (Taken from Ref.28) 
 
Deformation and fracture behaviour of polymers can be determined by fracture 
toughness tests. Typical load-displacement curves are presenting in Figure 
2.1.7, demonstrating different material’s character from brittle to elastic-plastic. 
The impact strength of a polymer can be described as the required energy to 
break a polymer under a shock loading.3, 50 Thus the impact behaviour of a 
polymeric matrix can be strictly correlated with the necessary energy to initiate 
and to propagate a crack. It can be calculated by measuring the area under the 
stress-strain curve or by defining the mandatory energy for the occurred 
damage upon performing an impact test, using a gas gun. 
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Figure 2.1.7 Load-displacement (f)/crack-mouth opening (v) curves of notched 
polymeric specimens for ascertaining linear elastic a) and b) and elastic-plastic 
fracture mechanics parameters c) and d) (Taken from Ref.49) 
 
The glass transition temperature (Tg) is another noteworthy parameter of 
polymeric materials.50 It is the temperature where the polymer changes 
behaviour from a rubber-like to a glassy state. Above the Tg the polymeric 
chains exhibit motion, that makes polymers more flexible, while below Tg they 
indicate a more solid-like behaviour. The polymer chain remains static, like in a 
solid state. This can be attributed to the free volume theory which explains that 
a polymer consists of an occupied and a free volume. 27 
When free volume exceeds the significant value of 2.5%, by increasing the 
temperature, then the polymer reaches the rubbery phase.1 For example 
polymers with aromatic groups have a higher Tg than those with aliphatic 
groups, because their molecules occupy more space and that leads to a 
decrease of the free volume. Similarly, intermolecular forces from polar groups 
like carboxylic acid minimise the free volume and increase the Tg of the 
polymer. Polymethacrylic acid (PMAA) with Tg=228°C and 
polymethylmethacrylate (PMMA) with Tg=105°C whose repeating units are 
shown in Figure 2.1.8 indicate an obvious difference that occurs by altering the 
C-OH bond with C-CH3. Another example is polyisopropene with Tg=-70°C while 
polybutadiene has Tg=-90°C. This can be attributed to the addition of a further 
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methyl group (-CH3) instead of a hydrogen in the repeating unit, as it can be 
seen in Figure 2.1.9.51 
Figure 2.1.8 Chemical structures of polymethacrylic acid (PMAA) and 
polymethylmethacrylate (PMMA) 
Figure 2.1.9 Chemical structures of polybutadiene (PB) and polyisopropene11 
 
2.2 Introduction to photoresponsive polymers 
Photoresponsive polymers have been widely studied and have become very 
popular during the last few decades with applications in holography, camouflage 
systems, erasable data storage, photo-recording media, drug delivery systems, 
actuators and bio-chips.13, 52-60 These polymers are characterised by their ability 
to respond to light, by altering their physical and chemical properties such as 
structure, conformation or colour. 
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Figure 2.2.1 Schematic tranformations of different photochromic molecules, a) 
trans→cis isomerisation of azobenzene molecules, b) ring-opening reaction of 
spiropyran compounds, c) pericyclic reactions of diarylethenes, d) fulgides and 
e) stilbenes 
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Photoresponsive systems are generally formed from organic molecules that 
incorporate photochromic molecules, known as chromophores, within their 
structures. The presence of unsaturated substances or groups with multiple 
bonds is the main characteristic of the chromophores. 
Photochromic reactions utilise light energy to induce conformational changes. 
These changes affect the chemical and/or the physical properties of polymeric 
matrixes. For example, changes of photoresponsive polymers cannot only be 
observed in the colour but also in the geometric structure, the viscosity or in the 
electrical conductivity after photoirradiation.11, 13, 17, 19, 20, 35, 52-56, 58-65 It should be 
mentioned that studies in photosensitive biomaterials successfully presented 
chemical and shape changes upon light exposure.55 Wang et al. investigated 
the changes in wettability of organic based photosensitive surfaces and 
concluded that this leads to improvements in stability and bio-compatibility.13 
Recent reviews dealing with photoresponsive polymers show rapid 
development in their synthesis and applications.17, 52, 58 The variety of 
chromophores that can be used to form a photoresponsive molecule is wide.13, 
20, 54, 56-58, 60, 64 Typical photochromic molecules that can be attached to 
polymers are azobenzene, stilbene, fulgide, spiropyran, spirooxazine and 
diarylethene. These compounds are illustrated in Figure 2.2.1. 
In azobenzene and stilbenes compounds the photoresponsive behaviour 
involves photoisomerisation between the cis- and trans forms, while in 
diarylethene, spiropyrane and fulgide molecules, it is due to the change 
between ring-opening and ring-closing forms. 
In particular, azobenzene photochromes induce obvious geometrical changes, 
followed by structural and viscosity changes. In diarylethene molecules, strong 
electronic changes occur upon photochemical conversion, which offer thermal 
stability and high fatigue resistance.35 On the other hand, spiropyrans assume a 
more intense dipole moment upon photoconversion of the ring-closed to the 
opened form, which has been used to control the interaction with charged 
entities and surfaces.53, 58, 66 
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In general, appropriate photoresponsive molecules can be incorporated in many 
synthetic polymeric compounds in order to trigger the desired properties with 
regards to applications. 
 
2.3 Azobenzene and photoisomerisation 
Among many classes of light-sensitive molecules, azobenzene based 
molecules will be the main focus of this project. Azobenzene is one of the most 
abundant photoresponsive molecules and has the ability to undergo reversible 
photoisomerisation under the illumination of light of an appropriate wavelength. 
Its selection can be justified by the fact that it consists of a simple structure, has 
a low production cost, and it can be easily fabricated. Azobenzene can also be 
manipulated to act as a mechanoresponsive material, and this behaviour would 
attract much attention from the research community.67 
Figure 2.3.1 Isomerisation of azobenzene 
The azobenzene molecule, as illustrated in Figure 2.3.1, is composed of two 
phenyl rings linked via two nitrogen atoms (-N=N-). Azobenzene and its 
derivatives have two geometric isomers, the more thermodynamically stable, 
trans form and the less stable cis isomer which interconvert between each other 
upon irradiation of light of appropriate wavelength or by heat. The distance 
between the two phenyl rings of the planar trans isomer is 0.9 nm, while for the 
more twisted, cis azobenzene the distance reaches the 0.55 nm. Sekkat et al. 
explained that the trans isomer is the thermodynamically more stable form by 
50 kJ mol-1 than the cis counterpart because the latter is less delocalised and 
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exhibits distorted conformation.60 Cis azobenzene has a bent geometry which 
increases the steric hindrance and breaks the conjugation of the linear trans 
form and thus is less stable than the trans.68 
Photoisomerisation occurs in both cistrans and trans→cis directions, while for 
the thermal isomerisation the cis→trans direction is the only pathway. Thermal 
reconversion has been found to be much slower than the photochemical 
isomerisation.61 The trans isomer can be excited by UV light and the cis isomer 
by visible light. Light irradiation of =330-380 nm wavelength triggers the trans 
isomers to the cis conformation, while ’=420-450 nm or storage in the dark 
transfer the azobenzene molecules to the trans form.11, 69 These conversions, 
under exposure to different light wavelengths explain the reversible character of 
photoisomerisation process. 
Photoisomerisation of azobenzene does not follow one fundamental 
mechanism. Halabieh et al. reported that there is a competition between the two 
mechanisms that may occur as shown in Figure 2.3.2.17 
The first possible way is rotation of the -N=N- bond due to the high energy 
π→π* transition.70 On the other hand, isomerisation may occur by the inversion 
of the one or both nitrogen atoms through low energy n→π* transition. In both 
processes the final conformational change is the same, but the required free 
volume for rotation is more (0.38 nm3) than what is required for inversion (0.12 
nm3).11, 60, 61, 69, 71 The inversion process, requires a smaller free volume and this 
can explicate the isomerisation of azobenzene that occurs even in glassy 
polymers or in other rigid matrices. 
After the isomerisation of azobenzene, considerable changes to various 
properties are expected. Firstly, the shape changes of the molecule, from a 
planar to a more twisted geometry. The distance between the two phenyl 
groups is reduced from 0.9 nm to 0.55 nm when trans form is converted to the 
cis counterpart with associated changes in polarity. The dipole moment of the 
azobenzene increases from 0 Debye for the trans form to 3 Debye for the cis 
form giving rise to affinities to other polar molecules or solvents.11, 13, 59, 60, 69 
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Figure 2.3.2 Mechanisms of photoisomerisation via rotation and inversion 
 
In addition, there are obvious differences in the absorption spectrum. The 
UV/Vis spectra corresponding to azobenzene molecules display two 
characteristic absorbance bands which are affected by isomerisation. The first 
is positioned close the UV region due to the π→π* electronic transition, 
attributed to the hydrocarbons and the second absorption band is at the visible 
region due to the n→π* transition attributed to the unpaired electrons of the two 
nitrogen atoms. When azobenzene undergoes trans→cis isomerisation the 
π→π* absorption band decreases dramatically and is shifted to shorter 
wavelengths (hypsochromic effect) while the weak n→π* band increases. 
These significant microscopic changes that occur after isomerisation are 
repeatable and reversible after exposure to appropriate stimuli. The activation of 
isomerisation of azobenzene molecules and polymers and their response to 
different wavelengths or treatments should be considered and investigated. 
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 Different stimuli inducing azobenzene isomerisation 2.3.1
Azobenzene, as has been previously reported, belongs to stimuli-responsive 
molecules since it has the ability to respond to external stimuli such as light, pH, 
heat, etc. The exceptionality of these materials lies not only in the fast 
geometrical changes occurring in their structure but also in the reversible 
conversions. Some of the stimuli that trigger azobenzene materials to undergo 
conformational changes are presented below.49 
 Light 
Trans azobenzene molecules demonstrate a low intensity n→π* band in the 
visible region (400-500 nm) and a much stronger π→π* band in the UV region 
(290-320 nm). On the other hand, cis azobenzene molecules exhibit a slightly 
higher intensity n→π* band and a very weak π→π* band in the visible and UV 
ranges respectively. These two structures are interconvertible by exposure to 
light of appropriate wavelength. 
 UV light 
Among all the stimuli that affect azobenzene’s geometry, UV radiation (290-320 
nm) is the only one who can convert the azobenzene isomers from transcis 
form. Photo excitation of an electron from the N=N double bond will result in a 
transition of the azobenzene from the ground state (trans form) into an excited 
state (cis form) potential energy surface. When a trans azobenzene molecule 
absorbs a photon with a wavelength in the trans absorption band, the 
azobenzene will convert into the cis form. 
 Visible light 
Visible light (400-500 nm) is responsible for inducing cistrans isomerisation. 
When a photon is absorbed, with a wavelength of light corresponding to the cis 
absorption band, cis azobenzene molecules convert to the trans isomeric form. 
It should be mentioned that cistrans isomerisation readily occurs at room 
temperature and can be further accelerated by heating or stimulated by visible 
light irradiation. 
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 Heat 
Exposure to heat is a well-known stimulus that affects the isomerisation of 
azobenzene molecules. An increase in the temperature leads to cistrans 
isomerisation of the azobenzene and faster kinetics, while at lower temperature 
(below 0°C) the kinetics are decreased.72, 73 This phenomenon can be explained 
by the thermal relaxation that the cis molecules are undergoing when 
transformed to their more thermodynamically stable trans form. 
 Electric field 
Alemani et al. showed for the first time that an electric field can induce 
reversible isomerisation of azobenzene molecules on Au(111).51 Both transcis 
and cistrans conversions of azobenzene molecules occurred after applying 
an increasing bias voltage pulse of 0-9 V and 0-6 V, respectively. The authors 
attributed these phenomena to the intrinsic dipole moment of the azobenzene 
and the polarizability at different geometries. 
 pH 
Dunn et al. demonstrated the influence of the pH on azobenzene monomers 
undergoing cistrans isomerisation.74 As the pH values of aminoazobenzene 
were increased from pH 2 to 10, cistrans conversion occurred at a faster rate. 
Tang et al. demonstrated that amino-substituted azobenzene nanoparticles 
were pH-sensitive, analysing them by AFM and UV/Vis spectroscopy. As the pH 
values were decreased from pH 6 to 0, the transcis isomerisation rate was 
increasing, resulting in a colour change from yellow to pink.75 
 Ultrasound waves 
Ultrasound was found to be another stimulus for triggering the azobenzene 
molecules to undergo conformational change. Quite recently Surampudi et al. 
demonstrated that by exposing solutions of methacrylic polymers, with 
azobenzene in the main chain, to ultrasound waves, cistrans isomerisation 
can be induced. This was attributed to a stretching force that causes stress on 
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the N=N bond resulting in azobenzene isomerisation.67 There are no reports 
studying the cistrans isomerisation when azobenzene is located at the side 
chains of a polymer, and more significantly in a solid state after stimulation by 
ultrasounds. 
 
 Azobenzene derivatives and spectroscopic differences 2.3.2
Azobenzene are especially useful and offer advantages, such as fast response 
to light and control of properties, due to their reversible processes. By 
incorporating covalently attached azobenzene groups into polymers, changes in 
physical and chemical properties could occur at a macroscopic scale. 
The variety of azobenzene chromophores as mentioned before is massive and 
scientists are continuously exploring novel photosensitive azobenzene based 
molecules for new applications.34, 38 Spectroscopic changes that arise by the 
addition of different functional groups into the azobenzene structure have been 
reported and are of primary interest by being considered for their application.60, 
69 Azobenzene molecules are categorized into three spectroscopic classes, the 
azobenzenes, the aminoazobenzenes and the pseudo-stilbenes. The 
absorbance spectra of which are illustrated in Figure 2.3.3. 
Azobenzene molecules undergo a low n→π* transition in the visible region 
(400-500 nm) and a higher level π→π* transition in the UV (290-320 nm). This 
is attributed to the fact that trans azobenzene can be excited by UV irradiation 
while the cis isomer by visible light. Azobenzene and its derivatives are 
generally yellow in colour as highlighted around the chemical structure in Figure 
2.3.3. 
The next category is the aminoazobenzene molecules, which have an electron-
donating –NH2 group. This group shifts the π→π* close to the n→π* band 
therefore any changes after isomerisation can be observed within the 
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overlapping absorption band (400-500 nm) of the spectrum. Aminoazobenzene 
compounds have a characteristic orange colour. 
 
Figure 2.3.3 Absorption spectrum of azobenzene, 4-aminoazobenzene and 4-
nitro-4’-aminoazobenzene molecules in a polar solvent (Adapted from Ref.56) 
 
Moreover, the last class of azobenzene molecules are the pseudo-stilbenes. 
They contain an electron-donating -NH2 group and an electron-withdrawing -
NO2 group, and they are characterised by an absence of symmetry. Thus, they 
absorb lower π→π* energy and higher n→π* and their characteristic band, the 
intensity of which decreases after trans→cis isomerisation, is located at higher 
wavelengths (400-500 nm) in comparison to the other azobenzene types. These 
compounds are found to have a red colour. 
It should be noted that azo chromophores with electron donor or electron 
acceptor groups raise the dipole moment of the molecule, which can influence 
neighbouring dipoles.17 The advantage of this is unique and plays a key role in 
all of the material’s properties because it explains how the microscopic changes 
are displayed at the macroscopic level. Some examples of these azobenzene 
species in the polymeric form are indicated in Figure 2.3.4. The a) and b) 
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structures present polymers with the azobenzene and aminoazobenzene, 
respectively, in the main chain. The c) structure shows a polymeric unit with 
pseudo-stilbene at the side chain. 
Figure 2.3.4 Molecular structures of a) azobenzene, b) aminoazobenzene and c) 
pseudo-stilbene based polymers 
 
 Effect of azobenzene molecules on mechanical 2.3.3
properties 
Measurements of the mechanical properties, such as Young’s modulus 
(elasticity), of azobenzene-based polymers were first reported in 2000 by 
Srikhirin et al.62 Azobenzene-doped (15 wt%) polymer films of 
polymethylmethacrylate (PMMA) and polyethylmethacrylate (PEMA) were 
examined separately by quartz resonators for identification of their elastic 
compliance as a function of time. It was demonstrated that UV illumination 
caused a reversible and noticeable increase in the material hardness, by 1.5% 
in the PMMA and 0.2% in the PEMA, which is attributed to the trans→cis 
isomerisation of the azomolecules which locally compressed the matrix and 
thus formed barriers in response to shear stress. In contrast, after subsequent 
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irradiation with visible light greater free volume was created by 
photoisomerisation and thus elastic compliance was observed. 
One other approach involves thin films of random copolymers of PMMA and 
azobenzene-based acrylic monomers.35 Moniruzzaman et al. observed changes 
in the elastic modulus in the film (115 m), containing 6 mol% azobenzene, by 
nanoindentation. Upon exposure to UV irradiation the stiffness of the polymer 
film showed a notable increase of 10-28%. Upon visible light irradiation the 
elastic modulus of the film was found to have partially recovered due to 
reverting cistrans isomerisation. However, according to the authors, this 
reversion was not complete due to the width of the film, where a significant 
amount of azobenzene was unable to be irradiated and as a consequence they 
could not undergo full isomerisation. 
Verploegen et al. demonstrated that the liquid-crystalline 
polyvinylmethylsiloxane polymers enriched with 20 mol% azobenzene in the 
side chains, can reversibly alter their elastic and loss moduli.63 Small and large 
amplitude oscillatory shear tests at 100°C were used to measure the elastic and 
the loss moduli. The authors showed that upon UV irradiation, the elastic 
modulus decreased by 10% approximately linearly with the irradiation time due 
to the matrix disruption caused by the isomerisation of azo moieties. Moreover, 
a recent study confirmed the photo-induced changes on the elastic modulus into 
liquid-crystalline polymers (LC.) films with 1 mol% doped azobenzene.76 The 
oscillatory shear tests at 25°C indicated a decrease of the elastic modulus, after 
UV irradiation, which recovered to the initial value after cessation of the UV light 
exposure. 
Quite recently Sorelli et al. performed statistically nanoindentation experiments 
looking into the light-induced changes of PMMA with grafted azobenzene 
molecules (15 mol%), as side chains.77 They demonstrated that the polymeric 
films hardness decreased (by 38%), while the creep coefficient value increased 
(by 39-60%), indicating a significant reinforcement of the viscoplastic response 
of the film after UV illumination. These changes were completely reversible and 
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were related to the reorganisation of the polymer chains after trans and cis 
isomerisations. It is worth mentioning here that the authors did not perform any 
nanoindentation tests to pristine films for the purpose of determining the 
influence of the chromophores. 
The conformational changes by photoisomerisation of azobenzene that alter the 
modulus of the whole polymeric matrix when comparing the effect of 
azobenzene concentration or the location of azobenzene molecules in the 
polymer chain have not yet been examined. It may be possible that the 
mechanical properties could be further improved by having a significant amount 
of azobenzene chromophores attached in appropriate positions along the 
polymeric chains. 
 
 Shape changes induced by azo-chromophores 2.3.4
The ability of azobenzene chromophores to change the shape of a polymer 
matrix which they are incorporated in, using light, is attributed to the 
photomechanical effect and is of tremendous interest to many researchers.11, 17, 
60, 63, 69, 78 The definition of photomechanical effect is, the reversible change in 
the shape of some molecules by the absorption of light, which results in a 
significant macroscopic mechanical deformation of the host material.78 
Eisenbach was the first to report the conversion of electromagnetic radiation 
into mechanical energy by using azochromophores.48 He observed, after UV 
and visible irradiation, an average of 0.15 to 0.25% photomechanical 
contraction and expansion cycles in the whole solid rubbery films and the 
process was repeatable. In this study 0.5-2 mol% aminoazobenzene molecules 
were incorporated as crosslinkers. This phenomenon was explained by the 
conformational change due to the trans→cis photoisomerisation of the 
azobenzene moiety, which caused a decrease of about 39% in the distance 
between the two phenyl rings. It should be noted that the local contraction was 
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even larger because of the rigid bonds between the amino groups of 
aminoazobenzene and the acryl group. 
A more comprehensive study by Finkelmann and co-workers revealed a 
maximum contraction of 20% in azobenzene containing liquid crystal, 
elastomeric polymers when they have undergone UV irradiation, which induced 
the isomerisation of the azobenzene molecules.79 They synthesised nematic 
liquid crystals with polysiloxane main chains and azobenzene chromophores at 
the crosslinking chains. The authors reported that the faint distinction in nematic 
order upon trans–cis isomerisation caused a significant uniaxial deformation of 
the liquid crystals along the director axis when the molecules are strongly 
associated by covalent crosslinking to form a three-dimensional polymer 
network. Moreover, the isomerisation effect has been investigated using 
azobenzene molecules linked with poly(vinyl ether) in the side chain of a linear 
polycarbonate film, as a matrix.46 Tests to the film were conducted using a 
thermal mechanical analyser under a controlled stress and a constantly 
increased strain to observe changes in modulus. When the film was irradiated 
with UV and visible light, the azochromophores were found to undergo 
photoisomerisation, which created a local free volume, leading to a 0.2% 
decrease in modulus.80 The absence of light resulted in the recovery of 
modulus, due to the complementary fading of the free volume. A decrease in 
elasticity was observed, which was attributed to the photoisomerisation of 
azobenzene molecules. 
Later, Barrett et al. confirmed that the azo compounds, under photo- irradiation 
undergo elongation below the glass transition temperature and above the Tg 
exhibit contraction.78 They also mention that the azo chromophores, that are 
doped into an acrylate polymer matrix but not incorporated into main or side 
chains, do not exhibit the effect. The reason is the mobility and instability that 
characterise the doped chromophores in the matrix, while those ones joined 
with covalent bonds exhibit high stability. 
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One remarkable study by Kondo et al. demonstrated the influence of the 
location of azo-moieties within cross-linked liquid-crystalline polymeric films 
against the photo-contraction length.37 Azobenzene moieties, cross-linked to the 
polymer at two points, were compared with azobenzenes connected to the side 
chains. The values of contraction length along the alignment direction of the 
films by UV irradiation were evaluated by an experimental setup shown in 
Figure 2.3.5a. 
 
Figure 2.3.5 a) Illustration of the experimental setup used by Kondo et al. 9 and b) 
series of photographs indicating the motion of liquid-crystalline polymeric films 
by UV irradiation. 
 
The film with azobenzene cross-linkers exhibited approximately four times 
higher contraction than observed in the film with azobenzene in the side chains. 
This difference was attributed to the geometrical restriction that the azobenzene 
cross-linkers caused to the polymer backbone upon photoisomerisation. The 
greatest amount of mechanical changes was achieved in a polymer with 20 
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mol% azobenzene loading. It was also explained that when UV light excites 
deeper into the surface of the film, photo-induced contraction is caused at the 
opposite side of the film as illustrated in Figure 2.3.5b. 
 
Table 2.3.1 Various % contractions in different studies as a function of 
azobenzene loading 
 
 
In another study, the same authors reported that the degree of contraction 
increases with higher light intensity and with an associated increase in stiffness 
in an azobenzene cross-linked film.36 More significantly the highest contraction 
of about 3.5% was observed with a UV light intensity of 110 mW/cm2. Studies 
by Li et al. corroborated these results, by demonstrating that the contraction 
was dependent upon the intensity of the light, and found a contraction of 12% 
with 20 mW/cm2 intensity, that reached 17% with a light intensity of 100 
mW/cm2.38 In both experiments, the contraction was more rapid and of a greater 
magnitude at temperatures up to 70°C. This was due to the chain mobility at 
higher temperatures. Full reversal of the contraction occurred in dark because 
of the cistrans isomerisation of the azobenzene molecules. Table 2.3.1 
Azobenzene concentration (mol%) l contraction (%) Ref. 
30 3.5 36 
20 2.2 37 
0.5-2 0.15-0.25 48 
20 1 12 
8 20 38, 79 
8.5-30 12-18 33 
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presents the percentage contractions with various azobenzene loadings in 
different studies. The results of the table are so different and cannot be 
compared to each other due to use of different polymer systems. 
 
 
Figure 2.3.6 Schematic examples of a) elongation and b) contraction, reversibly, 
upon irradiation44 
 
A soft polymer film composed of polycaprolactone and polyvinyl ether with 
azobenzene in the side chains showed faster reversible response to light.44 The 
film had undergone rapid deformation and recovery under light irradiation. 
Moreover, it was observed that the direction of constant tensile stress, under 
light illumination, plays an important role on the deformation. When the film was 
stretched in parallel with the tensile stress it became elongated. Contrary, when 
the stretching direction was perpendicular to the constant stress the film 
contracted, as can be seen in Figure 2.3.6. Structures in the surface of azo-
polymer matrices, due to the mass transport, upon irradiation with a light 
interference method, were first published in 1995 by Rochon et al.34 These 
structures, named Surface Relief Gratings (SRG), which look like stripes as 
illustrated in Figure 2.3.7, are directly formed on the surface and caused by the 
light excitation of azobenzene molecules. They have been used in photonics 
and holography applications.60 
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Figure 2.3.7 A typical SRG of an azo-polymer film by AFM image 60 
 
These gratings are formed by projecting an interference pattern of light into 
films at temperatures lower than the polymer’s glass transition temperature. 
SRGs resemble hills with valleys, where the former are stiffer and latter less 
stiff, this was attributed to the azo chromophores that are moved away from the 
photoirradiated areas. Their mechanism is based on the photomechanical effect 
that has been mentioned previously.11, 69, 78 
Figure 2.3.8 Schematic examples of a) an azo- film before light irradiation, b) an 
azo- film with SRG, upon light pattern irradiation and c) SRG with impinging light 
pattern, where is the periodicity of the gratings and h the height of the SRG 69 
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Figure 2.3.8.a and Figure 2.3.8.b present an azobenzene containing film before 
and after the photo-pattern irradiation. The formation of SRG with light pattern is 
illustrated more clearly in Figure 2.3.8.c, where is the period of the gratings 
and h their height.81 The excitement of the molecules induces nano-scale 
vibratory motion, which leads to a local free volume generation into the polymer 
film. Thus the material is elongated in the irradiated areas. The term of free 
volume indicates the empty space between the molecules. In other words, by 
photoirradiation the molecules can move more easily with an appearance of 
free volume.27 
This process of gratings is reversible, because when the polymers with SRG 
are heated above their glass transition temperature the gratings are erased. 
The formation of an SRG is strongly affected by the Tg. The higher the Tg of a 
polymer the more difficult it is to create an SRG.69 
Recently, researchers have managed to transfer the relief matrix to its initial 
shape, by adding an appropriate solvent instead of using the thermal erasing 
method in an azo-poly(methacrylic acid) film.45 They also investigated the effect 
of irradiation time and molecular weight on the gratings. They showed that the 
depth of the stripes of SRG can be controlled by the illumination time. By 
increasing the UV irradiation time the depth was extended. In parallel, they 
highlight the importance of the size of polymer chains on the formation of 
reversible or irreversible SRG. They demonstrated that when the distance of the 
polymer chains due to the photo-induced motion was smaller than their length, 
structures with reversible behaviour were produced. Finally, in cases that the 
lengths of polymer chains were smaller than the periodicity length of the 
interference pattern, the gratings that formed, were permanent because no 
chain rupture could occur. Atomic Force Microscopy (AFM) was used in all the 
above studies to observe the structure of SRG and the photo-induced changes 
of the films. 
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The fact that photoisomerisation has a strong relationship with respect to the 
shape changes of materials has not been disputed. These studies illustrate that 
shape changes which lead to expansion or contraction, are explained by the 
photomechanical effect. More specifically, the free volume that is required for 
the transcis isomerisation leads to an expansion and in the case of dipole 
pairing of azomolecules the materials undergo contraction.69 
 
 The photoviscosity effect 2.3.5
Viscosity,  is the resistance of a material to flow and is equal to the shear 
stress divided by the shear rate , as can be seen in Equation 2-1. 
η =
τ
γ
 
Equation 2-1 
For liquids, flow is an irreversible deformation (strain) caused by force (stress). 
In the case of polymers, flow occurs when their chains are moving freely50. 
Viscosity is important for all polymeric studies and for their mechanical 
properties. For instance, highly viscous polymers can form stiffer and more rigid 
materials in comparison to those with a lower viscosity.27 
The photoviscosity effect is defined by changes in polymeric solutions that are 
related to photo-stimulated conformational changes of the molecule’s viscosity. 
This effect was first observed by Lovrien, who demonstrated possible 
mechanisms for this effect.65 He noticed an increase in viscosity in solutions of 
methacrylic acid and 2,2'-dimethoxyazobenzene acrylamide upon UV 
irradiation. This increase was attributed to the repulsion of the coulomb forces 
between the ionic groups, which raised the hydrodynamic volume of the 
molecule. He also observed a decrease in the viscosity of a non-ionic solution, 
polymethacrylic acid and chrysophenine solution in water under the influence of 
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UV light irradiation. The absence of ionic charge causing tight binding of the 
chromophores has resulted in a decrease in the hydrodynamic volume. Various 
studies of photoviscosity effects in solutions of azobenzene based polymers 
have been reported in literature since then.20, 57 Figure 2.3.9 illustrates a 
possible mechanism of photoisomerisation of azomolecules that leads to 
viscosity changes. 
Figure 2.3.9 Possible conformational change of azobenzene polymers upon 
photoirradiation32,42 
 
Copolymers of 4-methacryloyloxyazobenzene with methylmethacrylate were 
also found to exhibit this effect when they were irradiated by UV light.19 Their 
viscosity in DMSO solution was reduced as a consequence of the dipole-dipole 
interactions caused by photoisomerisation. The experimental results were very 
precise due to the new technique that the researchers used. They constantly 
measured the viscosity of the samples by using a cone-and-plate rheometer 
which was enriched with a solvent trap and improved the accuracy of the 
measurements. The authors in another study investigated the viscosity 
behaviour as a function of temperature and demonstrated that photo-induced 
heating also affects the viscosity of azopolymer solutions.20 Their experiments 
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confirmed that the contraction of polymer chains due to the trans→cis 
conversion resulted in a decrease in viscosity. 
Measurements of viscosity should be taken into consideration with regards to 
the creation of a rigid and elastic material as well. Highly viscous molecules, 
due to the tight crystalline regions, provide toughness compared to the low- 
viscosity molecules that offer elasticity.27 Thus, the desired stiffness and 
elasticity from the azochromophores can be transferred into the macroscopic 
material through light irradiation and can develop its mechanical properties. 
 
 The influence of azo polymers on thermal properties 2.3.6
Glass transition temperature (Tg) is the critical temperature needed in order to 
induce the brittle, amorphous regions of the polymer to flow.27 It has a great 
influence on the viscosity and the mechanical properties of materials. The 
mobility of polymer chains depends on their Tg. Polymers with high Tg are more 
attractive to some industries because their intermolecular motion is lower and 
they exhibit a more “glassy” and resistant character to different temperatures.27 
It is expected that incorporation of azobenzene moieties into a polymer chain 
will change the Tg of a polymer. Therefore it is important to understand the 
azobenzene loading effect on the Tg of azobenzene based polymers. 
The influence of concentration of azobenzene molecules on the Tg was 
examined by Blomquist et al.43 A series of copolymers from methyl methacrylate 
and 11-(4-ethoxyazobenzeneoxy)undecyl methacrylate (azo-MA) were 
synthesised. The azobenzene groups were linked at the side chains through a 
long spacer. The Tg measurements of the polymers were conducted by 
Differential Scanning Calorimetry (DSC) and Dynamic Mechanic Thermal 
Analysis (DMTA) and their results revealed a good correlation between the 
results obtained from both methods. 
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The graph, shown in Figure 2.3.10, revealed a decrease in Tg almost linearly 
with azobenzene loading. This decrease was attributed to the flexible methylene 
spacer, which caused separation of the azobenzenes from the main polymeric 
chain and enhanced the mobility of the system. However, a control sample of 
MMA with a methylene spacer (without azo molecules) polymer was not 
performed, thus this graph cannot represent the quantified effect of azobenzene 
in terms of Tg. 
Figure 2.3.10 Glass transition temperature measurements of MMA/azobenzene 
copolymers by using DSC (cycles) and DMTA (triangles) (Diagram adapted from 
Ref.43) 
 
Other studies, support these results, by synthesising graft polymers of 
azobenzene with PMMA, an increase in the Tg by 20°C was achieved.
42 This is 
due to a lower azobenzene concentration. As discussed in previous section 
2.1.2, polymers with aromatic groups obtain higher Tg and likewise, 
intermolecular forces, from polar groups that minimise the free volume, can 
increase the Tg of the polymer. It is clearly demonstrated that Tg of azobenzene 
based polymers can be changed by manipulating the polymer structures. 
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 The self-healing concept of polymers 2.3.7
Self-healing compounds offer a new solution to damage and failure caused by 
natural circumstances in a plethora of applications such as aerospace and other 
modes of transport.39, 81, 82 These materials have the ability to repair themselves 
after structural damage and to re-establish ruined or corrupted properties using 
the resources intrinsically offered to them.82 The recovery procedure is induced 
by filling up the empty volume caused by material division upon damage. The 
repair can either be natural or externally assisted using pressure or temperature 
for instance. 
Self-healing processes are divided into two types: the extrinsic and the intrinsic 
process. The extrinsic healing procedure relies on the incorporation of external 
compounds like microcapsules with healing agents into the polymeric materials. 
When damage occurs, the microcapsules break and these healing agents are 
released and consequently treat the damage. On the other hand, the intrinsic 
process does not involve any healing agent but is capable of repairing the 
damage or cracks of polymers by chain mobility, hydrogen bonding, or ionic 
interactions. The advantage of this process is the repeatability of the healing 
effect, attributed to the reversible reactions between the molecules or polymers 
rather than the single use nature of microcapsules.82 
Noteworthy studies of the intrinsic healing approach on a cross-linked, furan 
maleimide, polymer examined the self- healing properties of the fracture at 
temperatures between 85°C and 95°C.81 A complete and repeatable healing 
efficiency was obtained after 30 min at 85°C followed by 30 min at 95°C and 
then cooling the polymer to room temperature (approximately 6 hrs). The overall 
fracture resistance of the material after healing was found to be equivalent or 
slightly enhanced when compared to the initial material state. Photographs of 
these experiments measuring the fracture toughness are illustrated in Figure 
2.3.11.a. Two axially cracks were growing stably on the central hole upon 
compression. Initially the samples were treated under pressure at 85°C to bring 
the damaged faces in contact and then the pressure was removed and the 
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samples were heated at 95°C to exploit the mobility of the pendent chains. The 
healing treatment was not found to be effective beyond a period of 1 hr. The 
healing was attributed to the thermally repair of the covalent furan maleimide 
bond of the polymers at 110°C. The furan maleimide bond can be reformed 
after have been broken following the reversible Diels–Alder reaction. This bond 
has also the ability to self-repair at any temperature below 110°C on condition 
that that the broken moieties come into contact. 
 
 
Figure 2.3.11 a) Photographs of specimen upon (i) first fracture and upon (ii) 
healing treatment 82 b) Films undergoing puncture indicating higher deformation 
at higher temperatures 39 c) Schematic illustration of the photo-induced healing 
on azobenzene- containing liquid-crystal composites 76 
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Similarly, complete healing results by the above approach were noticed with 
random poly(ethylene-co-methacrylic acid) films upon ballistic puncture.39 The 
research group of Kalista et al. demonstrated that the ionic interactions were not 
playing a major role in the repair of damage. These experiments proved that no 
puncture restoration occurred at temperatures higher than 60°C, although the 
chain mobility and the self-bonding were promoted at high temperatures. In 
Figure 2.3.11.b the profile of the films, impacted at different temperatures, 
indicated that at low temperatures an elastic mechanism took place while at 
higher temperatures local deformation occurred, accompanied by a more 
viscous behaviour. The ability to fill the hole was attributed to the increase in 
temperature via friction that modified the polymers into viscoelastic melt 
resulting in a re-bonding of the polymer chains. The melt temperature and even 
below were found to encourage the interdiffusion of the polymer chains, which 
resulted in strengthening of the films. 
Very recently, Yamamoto et al. demonstrated photochemical healing behaviour 
in a liquid-crystal gel compound, doped with azobenzene moieties, as can be 
viewed in Figure 2.3.11.c.76 They made two small cuts of 2 mm deep and 10 
mm long on the surface of the samples and irradiated the damaged area with 
UV light for about 10 sec. This irradiated region altered colour immediately from 
yellow to orange, which was explained by the photoisomerisation of 
azobenzene molecules and the cut appeared to be filled. The thermal 
processes were reversible with a further irradiation of visible light for 10 sec the 
sample and the cut returned to their original colour and shape respectively. It 
should be noted that the photochemical healing occurred due to the 
reorientation of the network induced by the azobenzene isomerisation. Although 
the healing of the gel films was visually observed, no analysis (e.g. AFM) 
measuring the depth of the cuts was carried out to calculate the exact healing 
ratio against irradiation time. 
An evolutionary approach, for the self-healing effect of photosensitive polymers, 
could be the exploitation of covalently incorporated azobenzene molecules into 
the polymer chains. Their fracture tolerance behaviour will be stronger as they 
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will be directly linked to the matrix and they will be able to undergo photo-
induced healing more effectively than doped systems (localised effect). 
 
 Shape memory polymers 2.3.8
Shape memory polymers (SMP) are smart materials, capable of returning back 
to their original shape after exposure to appropriate stimuli such as heat, 
moisture or light, etc.83 The shape-memory polymer consists of netpoints (hard 
segments), such as covalent bonds, and switching segments (soft segments), 
flexible polymer chains. The shape memory mechanism lies on the netpoints 
which they are re-bonding the deformed chain segments without recoiling them. 
In most cases the stimulus that causes the polymer shape changes is heat. 
Heating these polymers above their transformation temperature, induces them 
to undergo a transition stage, as seen in Figure 2.3.12.84 For both thermoplastic 
and thermoset SMP, the transformation temperature is usually their glass 
transition temperature Tg or their melting point Tm.
85 
Rodriguez et al. introduced shape memory assisted self-healing (SMASH) 
polymers, which are polymers with reversible plasticity (shape memory 
properties) able to completely close and re-bond cracks after thermal 
treatment.86 The authors prepared interpenetrating network polymers consisting 
of cross-linked poly(ε-caprolactone) (n-PCL) and linear poly(ε-caprolactone) (l-
PCL) (25 w/w%). They found that the shape memory ability occurred due to the 
multifunctional crosslinker n-PLC which had acrylate end thiol groups 
responsible for the rebonding after heating. On the other hand the l-PCL, with a 
high Mw (65,000 g/mol) for enabling reentanglement after diffusion across the 
interface, was responsible for the self-healing ability of the system. These 
synergetic mechanisms helped to close any cracks formed during deformation 
or damage (shape memory ability) while the chains were diffused to the free 
surface and eventually across the damaged area at the same heating phase 
simultaneously with the shape memory function. 
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The introduction of light irradiation to the SMP that trigger the shape memory 
effect has been also studied.83-85 Thermoset polymers with photoresponsive 
cross-linking cinnamic groups, demonstrated a shape memory effect attributed 
to the elastic contraction of the polymer chain segments that were activated 
upon light irradiation.87  
 
 
 
Figure 2.3.12 Thermally induced shape-memory concept, where Ttrans = thermal 
transformation temperature related to the switching phase and netpoints = 
chemical (covalent bonds) or physical (intermolecular) interactions that 
determine the permanent shape of the polymer. (Taken from Ref.88) 
 
Azobenzene is one of the most abundant light-responsive molecule, known for 
its ability to change and control chemical and physical properties of polymers.80, 
89-91 These changes are attributed to the reversible and repeatable azobenzene 
isomerisation. Irradiation with UV light converts the more thermodynamically 
stable trans azobenzene to its cis form. Exposure to heat, visible light or storage 
in the dark, induce the reversible cistrans isomerisation. The geometrical and 
polarity changes that occur through this conversion can be transferred to the 
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macroscopic level, when the azo molecules are attached into a polymeric 
backbone, which will affect the properties of the whole polymeric matrix. 
Very recently, azobenzene was found to be a light-powered healing material for 
wearable electrical devices.92 Repetitive recovery of a damaged electrical 
conductor was achieved only by UV light illumination. The authors attributed this 
effect to the photoisomerisation of azobenzene which induced the whole 
polymer matrix to undergo bulk diffusion even below its glass or melting 
temperature. 
The physical changes that occur to a rigid 3D network have not yet being 
examined. It would be interesting to investigate whether photoresponsive epoxy 
based thermosets containing azobenzene exhibit any shape memory behaviour 
after exposure to UV irradiation. 
 
2.4 Overview of composite materials 
Composite materials are increasing by being utilised more and more in various 
applications such as industrial, aerospace and recreational areas. A composite 
material can be formed by two substances having different properties, the 
matrix and the reinforcement component, as seen in Figure 2.4.1. The matrix 
plays an important role in the composites as it is responsible for binding the 
fibres together. The matrix is usually a polymer thermoset material, like 
polyimide or epoxy. Common reinforcements are fibres made of glass, Kevlar or 
carbon that exhibit high strength and stiffness. Although the fibres are brittle, in 
combination with the polymeric resin they give unique properties to the 
composite. The optimum result of this combination is that they form tough 
composites attributed to their heterogeneous structure.93  
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Figure 2.4.1 Illustration of the formation of a composite material 
 
Epoxy/glass fibre composites are produced by different methods such as wet 
lay-up and compression moulding, vacuum bagging and autoclave curing or 
filament winding with oven curing.94 For every application a particular technique 
is more preferable than the others. The winding process is preferable, for 
instance, for cylindrical structures, like pipes and can be made with fibres or 
tapes embedded with resin. Hand lay-up offers low cost tooling, simple handling 
and a wide range of part sizes. Large panels and relatively complex structures 
are better formulated by hot-pressing layers of pre-impregnated fibres or by 
pressurised autoclave.93 The autoclave curing is the standard production 
method within the aerospace sector for manufacturing void free composite 
materials with good mechanical properties. The autoclave process produces 
denser, void-free materials due to a higher temperature and pressure 
environment during curing. Autoclaves are heated pressure vessels (usually 
equipped with vacuum systems) into which bagged lay-ups, are cured at 
pressures between 50-100 psi.95 
 
 General properties of polymer composites 2.4.1
Electrical conductivity, chemical resistance and thermal conductivity, fatigue 
and resistance are some of the main indications that industries are interested in 
as a first place. Composite materials for aircraft or structure applications can be 
characterised by various properties, such as thermal, mechanical, physical and 
chemical. The choice of the desired properties depends on the application’s 
requirements. 
THEORETICAL BACKGROUND 
54 
 
The mechanical properties of polymer composites are highly affected by their 
polymer matrix as well as their reinforcement. The ability of reinforced polymer 
composites to sustain loads of any kinds, such as tension or compression, and 
the efficiency of this load transfer is directly related to the quality of the fibre and 
polymer bond. Weak polymer matrices in combination with brittle fibres 
contribute to the formation of strong materials. The tensile properties of a 
composite are dominated by the fibres and its compressional and toughness 
properties by the polymeric matrix.3, 27 The material quality is not only the one 
who affects the mechanical properties. Volume fraction, density and fibres 
orientation belong to the physical characteristics of the composites and are 
linked to their properties. High density, high fibre volume fraction and precise 
filament orientation are responsible for good mechanical properties of 
composites.94 Thermal stability might also be linked with the polymer matrices. 
For instance the matrix of some composites like polyester can sustain up to 
50°C while a composite with polyimide matrix can be used at maximum 
temperature of 280°C. 
A key factor driving the increased applications of composites over the recent 
years is the development of new advanced forms of fibre reinforced polymer 
materials.96 This includes developments in high performance resin systems and 
introduction of smart materials like photoresponsive polymers. 
 
 Introduction to composite damages 2.4.2
Damage in composites may be introduced in various forms such as matrix 
cracks (or microcracks), fibre breakage, radial cracking in fibre or interfacial 
damage in the region between the matrix and the fibre.97 Different types of 
composite damage are shown in Figure 2.4.2. Transverse cracking consists of 
matrix breaking between fibres in the plies perpendicular to the principal loading 
direction. Longitudinal cracking is similar to transverse cracking, but this 
damage induces matrix cracking between fibres in the layers parallel to the 
loading direction. Cracks or microcracks can be formed during impact, 
THEORETICAL BACKGROUND 
55 
 
compression, tensile and fatigue stress or after changes in temperature, and 
during thermocycling. Microcracks can be created in any plies but 
predominantly in plies off-axis to loading directions. Microcracks in carbon 
fibre/epoxy laminates are formed instantly across the entire cross-sectional area 
of the 90° plies. In contrast, cracking in the glass fibre/epoxy decreased partially 
or totally as the 90° plies get thin. Nairn et al. found that complete elimination of 
microcracks in glass fibre/epoxy laminates required making the 90° plies 5 
times thinner than the 0° plies.98 
 
Figure 2.4.2 Damage types of a composite structure (Taken from Ref.99) 
 
Delamination is debonding between layers with different orientations. Kim et al 
demonstrated that delamination appeared to be mainly governed by either, or a 
combination of, the tensile stress and size of transverse cracking.100 Rebière et 
al. investigated the matrix cracking and delamination evolution in composite 
cross-ply laminates and found that transverse cracking first occurs in the 90° 
layers.101 Figure 2.4.3 illustrates a schematic representation of a matrix crack 
leading to debonding and transverse fibre breakage. 
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During impact tests, the kinetic energy of the projectile once impacted into the 
target is scattered and absorbed in various ways by the target. The main 
energy-absorbing mechanisms throughout the ballistic impact include kinetic 
energy absorbed due to tensile failure of the fibres, energy absorbed due to 
matrix cracking and delamination, and frictional energy absorbed in the course 
of penetration.102 
 
 
Figure 2.4.3 Crack propagation in composites103 
 
 The impact tolerance of polymer composites 2.4.3
The impact tolerance is a crucial property of composites. Impact in composites 
results in creation of large areas of fracture with subsequent reductions in both 
strength and stiffness.104 Low-velocity impact response depends on the target 
stiffness, material properties and the projectile’s mass and stiffness. The matrix 
of the target is of utmost importance as the contact duration is long enough for 
the entire structure to respond to the impact and in consequence more energy 
is absorbed elastically.105 On the other hand, high-velocity impact response is 
dominated by stress wave propagation through the material, in which the 
structure does not have time to respond, leading to very localized damage. 
The impact resistance is the ability of a material to tolerate shock loading. 
Impact damage resistance is a matrix-dominated property.106 The polymeric 
matrix in a fibre reinforced composite aligns the fibres as well as transfers the 
stress from one fibre to another. Brittle laminates (such as epoxy resins, PMMA) 
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have a low crack initiation energy, low crack propagation energy and tend to fail 
by extensive delamination whereas the tougher systems fail in transverse shear 
near the impact location.104, 107 A reduction in the cross-linking density of 
thermoset matrices also improves the impact resistance of composites.104 
Fibres can raise the impact strength depending on their nature.50 They can 
reduce crack initiation by acting as stress concentrators. Impact resistance is 
highly dependent to the diameter, length of the fibres and matrix structure. 
Smaller fibre diameter gives the fibre less surface area, increases the energy 
absorbing capability of the composite, resulting in lower levels of damage.108 
Long fibres are more preferable. The impact strength can be increased 
significantly by continuous fibres because they share the shock over the 
interface area along the fibre. On the other hand, short fibres do not exhibit so 
clear results.3 Their use may either enhance or decrease the impact strength.  
The selection of the nature and the appropriate size of the fibre reinforcements 
should be considered very carefully. Previous studies suggest that the presence 
of reinforced fibres is highly affected to the impact strength of the composite 
materials.33, 109 Compression after impact tests are performed here to measure 
the material residual strength. 
 
 Methods to enhance impact resistance of composites 2.4.4
Improving the impact resistance in composites is a vital area of research. There 
are three main methods to improve the impact resistance properties of 
composites. The first way is to improve the polymer matrix, the second to 
enhance the reinforcement and the last one to enhance the adhesion between 
the matrix-reinforcement. 
Incorporation of additives for enhancement of the impact properties is a first 
approach.110 The mechanism involves hosting of an elastomeric or rubbery 
element that can absorb the energy of an impact or dissipate it. Commercially 
available (DuPond, Dow), impact modifiers (such as Engage 8137, Engage 
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8100, PARALOID™) have been found to improve the impact resistance of the 
composites.111 However these modifiers are responsible for reducing further the 
tensile strength of composites. 
Rubber-toughened epoxies have much higher toughness and impact 
resistance.112 In this process rubber or inorganic filler in a minor proportion, 
typically between 5 and 20%, is incorporated as a dispersed phase in a rigid 
epoxy matrix. The resulting composite has a higher fracture resistance than the 
unmodified epoxy resin due to decrease in brittleness. 
Another solution is to use high toughness thermoplastics such as polyether 
ether ketone (PEEK) with a processing temperature of 400°C. The toughness of 
fibre reinforced PEEK composites is seen to be about ten times that of 
composites  Although it seems an attractive resin, the structural fabrication cost 
may be prohibitive as a result of the high processing temperature. 
Various studies have shown that nano-fillers such as nanotubes, nano-clays 
and nano-fibres at low concentrations enhance the impact properties and 
energy dissipation of epoxy-based composites.113, 114 Fillers act as stress 
concentrators and the polymer matrix with loading of fillers has less ability to 
absorb impact energy.115 Assuming that the bonding strength is significant, the 
fracture toughness of the brittle epoxy polymer matrix will increase with the 
addition of MWCNTs, acting as aggregate to improve the critical stress intensity 
factor, Kc.116 
Hollow ductile fibres have been also used for improving composites’ impact 
resistance. Epoxy-based composites using hollow polyester fibres were 
manufactured and led to a lower weight and increased impact damage 
tolerance of laminates.117 The explanation for this phenomenon was the 
flexibility of the hollow fibres. The cylindrical thermoplastic hollow fibres can be 
easily deformed to an elliptical shape. This capability leads to a decrease in 
stress concentration at the polymer matrix and subsequently a decrease in the 
matrix cracking which is the most predominant mode of failure. 
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Another approach to enhance the impact resistance is by improving the bonding 
between the polymeric matrix and the reinforcement. Silane coupling agents 
were used to enhance the adhesion between the polymer and fillers.118 In an 
interesting study, better adhesion led to a reduction in delamination under 
impact loading in composites. 
 
 Methods to heal composite damaged areas 2.4.5
Healing of composites damaged areas has been successfully developed by 
various techniques which are presented in this section. 
The autonomic healing concept developed by White et al. is presented in Figure 
2.4.4.119 This approach involved a microencapsulated healing agent 
(dicyclopentadiene) that was embedded in a structural composite matrix 
containing a transition metal catalyst (Grubbs' catalyst) capable of polymerising 
the healing agent. As seen in the picture a crack was initiated in the matrix (a) 
and after propagation (b) the crack ruptured the microcapsules, releasing the 
healing agent into the crack plane through capillary action. At the end (c), the 
healing agent came in contact with the catalyst, inducing polymerisation that 
bonded the crack. The microencapsulation process with self-healing agents has 
been followed by various researchers.120, 121 Nevertheless due to some 
limitations it cannot be applied to every polymer composite. The curing 
temperature of the composites containing self-healing agents is limited to low 
values (upto 40°C) for avoiding activation of the catalyst or increased probability 
of healing agent to be released from the broken microcapsules. Microcapsules 
need to be fabricated because they are not commercially available. Moreover 
during the manufacturing of the composites extra care is required. The resins 
containing microcapsules and catalysts should be prepared by hand mixing 
avoiding microcapsules rupturing and consequent early, not desired 
polymerisation. 
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Another healing mechanism is the hollow-fibre self-healing that was introduced 
by Bleay et al.122 Hollow glass fibres were used to embed microcapsules 
because they offer the advantage of being able to store functional agents for 
composite self-repair systems as well as acting as a reinforcement. A typical 
hollow fibre self-healing approach used within composite laminates could take 
the form of fibres containing a one-part resin system, a two-part resin and 
hardener system or a resin system with a catalyst or hardener contained within 
the matrix material, as seen in Figure 2.4.5. This repair process helps in 
reducing the critical effects of matrix cracking and delamination between plies, 
preventing further damage propagation.123 Trask et al. demonstrated that hollow 
glass fibres containing a two-part epoxy healing resin can be manufactured and 
incorporated within a conventional autoclave processing, indicating that this 
healing approach can be readily applied to other manufacturing techniques.124 
The effect of this healing approach on the mechanical properties was beneficial 
but insignificant (3%). Another major drawback of this approach is that these 
fibres are not commercially available. 
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Figure 2.4.4 Autonomic healing mechanism, a) crack initiation, b) dispersion of 
healing agent and c) polymerisation of healing agent (Taken from Ref.119) 
 
Finally, Hayes et al. demonstrated healing of composites using a self-healing 
matrix.125 This self-healing matrix approach involved a thermosetting epoxy 
resin (blend of Epikote 828 (a diglycidylether of bisphenol A) cured with nadic 
methylene tetrahydrophthalic anhydride and the mercaptan accelerator, 
Capcure 3-800) into which a linear polymer (polybisphenol-A-co-
epichlorohydrin) (as the healing agent) was dissolved. The linear polymer 
should be bonded into the cross-linked epoxy matrix through hydrogen bonding 
but became mobile above a specific temperature, its glass transition 
temperature (Tg). Thus upon heating, the healing agent was diffused throughout 
the matrix bridging any cracks within it. In order for this approach to be 
beneficial heating at high temperatures (>130°C) was required and upto 50% 
healing efficiency in impact strength and 30% visual healing (optical 
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microscope) was identified with recovery. Another parameter that should be 
taken into consideration is that the solubility of the polymer and the healing 
agent should be matched so that the healing agent remains uniformly dissolved 
in the matrix, without phase separation. 
 
 
Figure 2.4.5 Hollow fibre self-healing methods (Taken from Ref.122) 
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3 EXPERIMENTAL METHODS 
The incorporation of photosensitive polymers into glass/epoxy composite materials 
and the investigation of the modified polymer matrix and the compressive properties 
of the composites were the main focus of these PhD studies. This Chapter covers all 
the procedures and equipment used in order to accomplish the sets of experiments 
that were required to fulfil the remits of this project. Three types of experiment were 
conducted namely synthesis of polymers, polymers’ characterisation and testing of 
the synthesised materials and azobenzene-based composites. 
 
3.1 Photoresponsive Materials 
All the solvents and reagents for the syntheses were purchased and used without 
any further purification and are listed in Table 3.1.1. 
 
Table 3.1.1 Table of reagents for synthesis 
Reagent  Supplier Purity 
2-Aminophenol Alfa Aesar 99% 
4,4-Dihydroxyazobenzene Sphinx 96% 
4-Aminophenol Alfa Aesar 98% 
4-Phenylazophenol Alfa Aesar 98% 
Acetone Sigma Aldrich 99% 
Acryloyl chloride Sigma Aldrich 97% 
Azoisobutyronitrile Sigma Aldrich 98% 
Chloroform Alfa Aesar 99% 
Copper (II) sulfate 
pentahydrate 
Alfa Aesar 98-100% 
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Dichloromethane Fischer Scientific 99% 
Diethyl ether, anhydrous Alfa Aesar 99% 
Diethylenetriamine Sigma Aldrich 99% 
Dimethyl sulfoxide Alfa Aesar 99% 
Dimethylformamide Sigma Aldrich 99.8% 
Epichlorohydrin Alfa Aesar 99% 
Hexanes Alfa Aesar 98.5% 
Hydrochloric acid Alfa Aesar 50% v/v aq.sol. 
Hydroxylamine 
hydrochloride 
Alfa Aesar 99% 
Methacryloyl chloride Sigma Aldrich 97% 
Methanol Alfa Aesar 99% 
Methyl methacrylate Sigma Aldrich 99% 
Petroleum ether 40/60 Alfa Aesar 100% 
Sodium nitrite Alfa Aesar 98% 
Tetrahydrofuran Alfa Aesar 99% 
-butyrolactone Sigma Aldrich 99% 
 
 Materials synthesis 3.1.1
Azobenzene precursors, monomers and polymers that were used in this research 
were not commercially available and therefore, their synthesis was a mandatory 
step. The photoresponsive molecules needed to be functionalised with suitable 
reactive groups to be able to polymerise or cross-link with other compounds used in 
this project. 
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Polymethylmethacrylate (PMMA) was synthesised as a building block of the 
azobenzene-based copolymers and as a reference sample for comparison. Later 
syntheses of precursor azobenzene monomers were carried out to obtain 4-4-
methacryloyloxyazobenzene (4-MOAB), 4-4-acryloyloxyazobenzene (4-AOAB), 4-
glycidyloxyazobenzene (4-GOAB), 4,4´-dihydroxyazobenzene (4,4´-DHAB), 4,4´-
diglycidyloxyazobenzene (4,4´-DGOAB) and 4,4´-dimethacryloyloxyazobenzene 
(4,4´-DMOAB). The monofunctional monomers (4-MOAB and 4-AOAB) were 
copolymerised with methyl methacrylate 117 and the copolymers were used for the 
investigation of their photoresponsive properties before and after UV irradiation. 
Synthesis of an epoxy-azobenzene based monomer, 4-GOAB, was conducted from 
4-phenylazophenol and epichlorohydrin.32 The 4,4´-DHAB was synthesised as the 
precursor for the synthesis of the 4,4´-DGOAB and 4,4´-DMOAB but the bulk amount 
of 4,4´-DHAB was purchased from Sphinx company (USA) as the synthetic route 
used in the laboratory gave a poor yield (<20%). The synthesis of 500 g 4,4´-DGOAB 
was one of the most important steps in this project as it was used as a cross-linker in 
the manufacture of the glass/azobenzene-epoxy composites. The synthetic routes 
involved in material synthesis are presented in the following sub-sections. 
 
3.1.1.1 Synthesis of 4-methacryloyloxyazobenzene (4-MOAB) and 4-
acryloyloxyazobenzene (4-AOAB) 
 
Figure 3.1.1 Synthesis of 4-MOAB19, 126 
Figure 3.1.1 illustrates the synthetic route for 4-methacryloyloxyazobenzene (4-
MOAB). Methacryloyl chloride (1.56 ml, 1 mmol) was added slowly to a 50 ml THF 
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solution of 4-phenylazophenol (8.8 mmol) and triethylamine (TEA, 2.32 ml,16 mmol) 
at 5-10°C, under N2 atmosphere. An ice-bath was used to maintain the low 
temperature. After 2 hrs, the ice-bath was removed and the mixture was warmed to 
room temperature and stirred (magnetic stirrer) overnight. The progress of the 
reaction was monitored by thin layer chromatography (TLC), discussed in detail in 
section A.3. At the end of the reaction the residue was filtered off with a Buchner 
funnel and the solvent from the filtrate was evaporated by a rotary evaporator 
(Rotevapor BUCHI, Vacuum Controller V-805). The product was then dissolved in 
chloroform (CHCl3, 40 ml), washed with distilled water (4x100 ml) and the organic 
layer was dried over anhydrous magnesium sulphate (MgSO4) for 18 hrs. After 
evaporation of the solvent, the product was recrystallised twice from petroleum ether 
to obtain pure product of 4-MOAB with a 78% yield. The 4-MOAB monomer was 
then analysed by 1H NMR.23 
1H NMR (DMSO-d6, 400MHz): 7.92-7.90 (d, 4H), 7.64-7.58 (m, 3H), 7.45-7.43 (m, 
2H), 6.34-6.33 (s, 1H), 5.96-5.95 (s, 1H), 2.04-2.03 (s, 3H) 
 
 
Figure 3.1.2 Synthesis of 4-AOAB127
 
The aforementioned process was repeated to synthesise the 4-AOAB monomer, and 
its synthetic route is shown in Figure 3.1.2. A solution of acryloyl chloride (2.15 ml, 
26.48 mmol) and CHCl3 (10 ml) was added dropwise into a CHCl3 (90 ml) solution of 
4- phenylazophenol (5 g, 25.22 mmol) and TEA (3.53 ml, 25.22 mmol) at 5-10°C 
under N2 gas. After 2 hrs, the mixture was warmed to room temperature and stirred 
overnight. The completion of the reaction was monitored by TLC. The reaction 
mixture was filtered to isolate the triethylammonium chloride salt. The residue was 
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washed with chloroform to separate the remaining product in the salt. The combined 
organic phase was washed twice with water to isolate any inorganic products and 
dried over magnesium sulphate for 18 hrs. The salt was filtered off and the solvent 
was evaporated from the organic phase using a rotary evaporator. The product was 
recrystallised twice from petroleum ether to obtain a pure product of 4-AOAB with 
72% yield. The authenticity of the 4-AOAB was then characterised by 1H NMR.127 
1H NMR (DMSO-d6, 400MHz): 7.89-7.77 (m, 4H), 7.48-7.39 (m, 3H), 7.26-6.83 (m, 
2H), 6.61-6.54 (d, 1H), 6.33-6.22 (t, 1H), 6.00-5.95 (d, 1H) 
 
3.1.1.2 Synthesis of 4-glycidyloxyazobenzene (4-GOAB) 
 
Figure 3.1.3 Synthesis of 4-GOAB32 
The synthetic route of 4-GOAB is illustrated in Figure 3.1.3. 4-Phenylazophenol (2.00 
g, 10.09 mmol), epichlorohydrin (37.34 g, 403.59 mmol) and 
benzyltrimethylammonium chloride (43.23 mg, 0.05 mmol), with a molar ratio of 
1:40:0.05 respectively, were placed in a 100 ml two necked round bottom flask 
equipped with a condenser and a magnetic stirrer. The reaction mixture was left to 
reflux under magnetic stirring for 1 hr. The excess of epichlorohydrin was removed 
using a rotary evaporator and subsequently high vacuum treatment (10-2 mmHg). 
The crude product was characterised by 1H-NMR to check the complete removal of 
epichlorohydrin. Then the remaining mixture free from epichlorohydrin was dissolved 
in dichloromethane (DCM, 50 ml) and extracted three times with distilled water 
(3x120 ml). The organic phase was dried overnight on anhydrous MgSO4 and then 
filtered. The solvent was evaporated using a rotary evaporator. The resulting solid 
was dissolved in acetone and reprecipitated from distilled water. After being 
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dissolved again in DCM, it was recrystallised from petroleum ether to obtain an 
orange product with a yield of 81%, which was characterised by DSC, IR and 1H-
NMR methods, detailed in sections 3.1.2.1, 3.1.2.3 and 3.1.2.5. Furthermore, the 
obtained orange solid was then subjected to column chromatography since the 
recrystallized product still showed noticeable “impurities” in the NMR traces. The 
column was packed with silica gel (Fisher) and DCM was used as the eluent. The 
purification by column chromatography incurred significant loss of product giving a 
final yield of 48%. The 4-GOAB monomer from column chromatography was then 
analysed by 1H NMR and FTIR spectroscopy.32 DSC analysis showed a melting 
point of 85.5ºC which is in agreement with the literature value. 
1H NMR (CDCl3, 400MHz): 7.86-7.97 (t, 4H), 7.43-7.53 (m, 3H), 7.02-7.05 (d, 2H), 
4.22-4.34 (d, 1H), 4.05-4.07 (d, 1H), 3.50 (s, 1H), 2.92-2.96 (d, 1H), 2.98-2.89 (d, 
1H) 
FTIR (KBr) cm-1: 3053 (C-H, alkanes), 2927 (C-H, aromatics), 1500 (C-C), 1600 (C-
C), 1581 (N=N), 1224-1256 (C-N), 1070-1144 (C-O) 
 
3.1.1.3 Synthesis of 4,4´-dihydroxyazobenzene (4,4´-DHAB) 
 
Figure 3.1.4 Synthesis of 4,4´-DHAB128, 129 
A typical reaction scheme for the synthesis of 4,4´-DHAB is shown in Figure 3.1.4. In 
a 1 litre beaker, p-aminophenol (4.00 g = 36.68 mmol) and distilled water (40.00 ml) 
were added. An aqueous solution of 60 ml HCl (3 mM) was added drop wise over 30 
min at room temperature. Sodium nitrite (2.6 g = 36.68 mmol) was dissolved in 
distilled water (216.00 ml), and the solution was slowly added to the former solution 
in the 1 litre beaker over 2 hrs at 0°C. The low temperature was maintained using an 
ice-bath. 
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A solution of copper sulphate pentahydrate (16.3 g = 65.3 mmol), 28% ammonia 
(10.94 ml = 58.00 mmol) and hydroxylammonium chloride (2.56 g = 36.68 mmol) 
was added to the former solution in a drop-wise manner. The reaction was carried 
out for 2 hrs at room temperature. The reaction mixture was filtered, and the crude 
product was washed with a 1 M hydrochloric acid. Finally, the product was 
recrystallised from acetone/water and the desired 4,4´-DHAB product was obtained 
with 24% yield. The purity of the product was checked by NMR and FTIR 
spectroscopy. The spectroscopy data are listed below. DSC analysis showed a 
melting point of 185ºC which is in agreement with the literature value.100, 101 
1H NMR (CDCl3, 400MHz): 10.05 (s, 2H), 7.73-7.76 (t, 4H), 6.92-6.97 (t, 4H) 
FTIR (KBr) cm-1: 3053 (C-H, alkanes), 2927 (C-H, aromatics), 1500 (C-C), 1600 (C-
C), 1581 (N=N), 1224-1256 (C-N), 1070-1144 (C-O) 
 
 
3.1.1.4 Synthesis of 4,4´-dimethacryloxyazobenzene (4,4´-DMOAB) 
 
Figure 3.1.5 Synthesis of 4,4´-4,4´-DMOAB32 
 
Figure 3.1.5 shows the methacrylation of 4,4´-dihydroxyazobenzene. Methacryloyl 
chloride (7.35 g = 70.32 mmol) in CHCl3 (10 ml) was slowly added to a CHCl3 (90 ml) 
solution of 4,4´-dihydroxyazobenzene (5 g = 23.34 mmol) and triethylamine (2.36 g = 
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23.34 mmol) with continuous stirring at 5-10°C under N2 atmosphere. After 2 hrs, the 
reaction mixture was warmed to room temperature and stirred overnight (20 hrs). 
The progress of the reaction was monitored by TLC. At the end of the reaction the 
solid residue was filtered off and the CHCl3 solution washed twice with distilled water 
to remove water soluble materials. The organic layer was dried over anhydrous 
magnesium sulphate overnight (18 hrs) and the solvent was evaporated using a 
rotary evaporator. The product was recrystallised twice from DCM/petroleum ether 
giving a yield of 81%. The purity of 4,4´-DMOAB was verified by NMR and FTIR 
spectroscopy, and the signals are listed below. DSC analysis showed a melting point 
of 141ºC which is in agreement with the literature.32 
1H NMR (CDCl3, 400MHz): 7.98-7.96 (m, 4H), 7.27-7.03 (m, 4H), .39 (s, 2H), 
5.80 (s, 2H), 2.09 (t, 6H) 
FTIR (KBr) cm-1: 3053 (C-H, alkanes), 2927 (C-H, aromatics), 1500 (C-C), 1600 (C-
C), 1581 (N=N), 1224-1256 (C-N), 1070-1144 (C-O). 
3.1.1.5 Synthesis of 4,4´-diglycidyloxyazobenzene (4,4´-DGOAB) 
 
Figure 3.1.6 Synthesis of 4,4´-DGOAB32 
 
A difunctional epoxy monomer was synthesised via a condensation reaction between 
epichlorohydrin and dihydroxyazobenzene. A typical reaction scheme is shown in 
Figure 3.1.6. 4,4´-Dihydroxyazobenzene (40 g = 122.6 mmol), epichlorohydrin (1.150 
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L) and benzyltrimethylammonium chloride (1.4 g = 6.13 mmol), with a molar ratio of 
1:10:0.05 respectively, were taken in a 2 litre round bottom flask equipped with a 
condenser and a magnetic stirrer. The reaction mixture was left to reflux under 
stirring for 6 hrs. After reflux, the excess of epichlorohydrin was removed using a 
rotary evaporator and high vacuum pump. The residue, free from epichlorohydrin, 
was dissolved in DCM and then filtrated in order to remove any insoluble material. 
The DCM solution (50 ml) was washed three times (3 x 120 ml) with distilled water. 
The organic phase was dried on anhydrous magnesium sulphate, filtered, and the 
solvent was evaporated using a rotary evaporator. The resulting solid was 
recrystallised twice from acetone to obtain a yellow product with 75% yield. This 
synthetic procedure was repeated several times because the 4,4´-DGOAB was the 
photoresponsive crosslinker for the composite matrix and is not commercially 
available and a large quantity of approximately 500 g had to be synthesised. The 
purity of 4,4´-DGOAB was checked by NMR and FTIR and the signals are listed 
below. DSC analysis showed a melting point of 165ºC which is in agreement with the 
literature value.32 
1H NMR (CDCl3, 400MHz): 7.89-7.86 (t, 4H), 7.01-7.03 (m, 4H), 4.29-4.33 (t, 1H), 
4.02-4.04 (t, 1H), 3.40 (s, 1H), 2.93-2.94 (t, 1H), 2.79-2.80 (t, 1H) 
FTIR (KBr) cm-1: 3053 (C-H, alkanes), 2927 (C-H, aromatics), 1500 (C-C), 1600 (C-
C), 1581 (N=N), 1224-1256 (C-N), 1070-1144 (C-O) 
 
3.1.1.6 Synthesis of polymethylmethacrylate (PMMA) 
 
Figure 3.1.7 Polymerisation of MMA 
The reaction scheme for the PMMA synthesis is depicted in Figure 3.1.7. A typical 
synthesis is as follows: methylmethacrylate (5.0 g) was added to tetrahydrofuran 
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(THF) (20.0 ml) in a 100 ml reaction flask. Azobisisobutyronitrile (AIBN,0.25 g,5 
wt%), used as a free-radical initiator, was added to the solution and magnetically 
stirred until dissolved. The solution was purged with N2 for 10 min to achieve an inert 
atmosphere. Polymerisation was carried out at 60°C for 48 hrs. The polymer was 
precipitated by adding methanol and was dried at room temperature under vacuum 
for about 4 hrs. The polymer was then analysed for its structure and purity using 
proton nuclear magnetic resonance spectroscopy (1H NMR). The chemical shifts are 
listed below.32 Its molecular weight was determined by gel permeation 
chromatography (GPC) and its glass transition temperature (Tg) by differential 
scanning calorimetry (DSC). 
1H NMR (DMSO-d6, 400MHz): 3.59-3.58 (s, 3H), 1.81-1.80 (s, 1H), 1.63-1.62 (s, 
1H), 1.21-1.20 (s, 1H), 1.02-1.01 (s, 1H), 0.85-0.84 (s, 1H), GPC: Mw= 43,000 g/mol, 
DSC: Tg= 113.5°C 
 
3.1.1.7 Synthesis of poly(MMA-co-MOAB) 
The reaction schemes for the synthesis of a series of copolymers of MMA and 4-
MOAB in different solvents are illustrated in Figure 3.1.8. These were designed to 
investigate the effect of solvents on the product’s yield. 
Figure 3.1.8 Synthetic route of poly(MMA-co-MOAB)19 
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A typical synthetic route is as follows: 24.6 mg (0.15 mmol) of azoisobutyronitrile 
(AIBN) as initiator, 188.95 mg (0.749 mmol) 4-MOAB, 1.5 ml of MMA and 10 ml of 
solvent were added into a Schlenk flask. The reaction mixture was degassed three 
times by freeze-thaw cycles. The polymerisation was conducted in an oil bath at 
65°C for 24 hrs under continuous stirring. The reaction mixture was then removed 
from the oil bath and allowed to cool to room temperature. The polymer was 
precipitated by adding methanol, then dissolved in tetrahydrofuran (THF) and 
reprecipitated from methanol. Finally, the copolymer was dried under high-vacuum in 
a desiccator at room temperature until a constant weight was achieved. Similar 
synthetic routes were followed using dimethyl formamide (DMF) and dimethyl 
sulfoxide (DMSO) as solvents with yields of 71% (CV2.1/THF), 76%(CV2.2/DMF) 
and 71%(CV2.3/DMSO). The polymers were characterised by NMR, as seen below, 
and by GPC and DSC as seen in section 4.1.2.2.19 
1H NMR (CDCl3, 400MHz): 7.97-7.90 (broad s, 4H), 7.52-49 (broad s, 3H), 7.26-
7.18 (broad s, 2H), 3.77-3.41 (broad s), 2.35-1.81 (broad t), 1.62-1.52 (s, 6H), 1.25-
1.19 (broad s), 1.02-0.85 (broad s) 
 
3.1.1.8 Synthesis of polyglycidyloxyazobenzene (PGOAB) 
 
Figure 3.1.9 Synthesis of PGOAB32, 130 
The homopolymerisation of the 4-GOAB is shown in Figure 3.1.9. In a 100 ml 
Schlenk flask containing a magnetic following bar, 4-glycidyloxyazobenzene (2 g = 
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8.043 mmol), methanol (6.408 mg = 0.2 mmol), and 10 ml of anhydrous THF were 
added. The solution was stirred under N2 atmosphere for 30 min. Then, 0.2 ml (0.2 
mmol) of a 1 M phosphazene base t-Bu-P4 solution in hexane was added and 
polymerisation was carried out at 60°C for 48 hrs. The polymer was precipitated by 
adding methanol, hydrochloric acid and distilled water (97:1:2). The precipitate was 
filtered, then dissolved in 10 ml of THF and reprecipitated from methanol. The filtered 
polymer was dried at room temperature under high vacuum (10-2 mmHg) for 6 hrs 
and obtained a yield of 35%. The polymer was characterised by NMR and FTIR as 
seen below.93 DSC analysis showed a melting point of 58ºC which is in agreement 
with the literature value. 
1H NMR (CDCl3, 400MHz): 7.75-7.93 (t, 4H), 7.34-7.52 (m, 3H), 6.75-7.45 (d, 2H), 
3.50-4.65 (broad d, 5H) 
FTIR (KBr disk) cm-1: 3053 (C-H, alkanes), 2927 (C-H, aromatics), 1500 (C-C), 1600 
(C-C), 1581 (N=N), 1224-1256 (C-N), 1070-1144 (C-O) 
 
 Materials characterisation 3.1.2
After the synthesis, materials were characterised using various techniques. The 
basic characteristics of the polymers such as molecular structure, molecular mass or 
glass transition temperatures were determined using common techniques, such as 
gel permeation chromatography (GPC), nuclear magnetic resonance (NMR), Fourier 
transform infrared (FTIR) spectroscopy and differential scanning calorimetry (DSC). 
UV/Vis spectroscopy was highly used in these studies as the geometrical changes of 
the azobenzene were related to different absorbance values, and thus were 
indicating the photoresponsive behaviour of the materials. The investigations of the 
viscosity and density change due to photoirradiation were conducted using a 
rotational rheometer and gas pycnometer respectively. The azobenzene polymer 
films were tested with a nanoindenter in order to identify photoinduced changes in 
stiffness and hardness. 
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3.1.2.1 1H NMR spectroscopy 
Proton nuclear magnetic resonance (1H NMR) spectroscopy provided information 
about the composition of polymers and structural information of chemical 
substances.130, 131 The NMR absorption is related to differences in the spin nuclei 
orientation of molecules applied in a magnetic field. Protons have two spin nuclei 
orientations: those that aligned with the external magnetic field, exhibiting a lower 
energy state and those against the external magnetic field with a higher energy 
state. The changes in energy states between different protons in a molecule give rise 
to a unique signal. Therefore, the sets of equivalent protons that are in a molecule 
can be determined by the number of signals in the spectrum. 
The 1H NMR spectra in this programme were recorded on a Bruker 400 MHz 
spectrometer using tetramethylsilane (TMS) as an internal reference. The deuterated 
chloroform (CDCl3) or dimethyl sulfoxide (DMSO-d6) were used as solvents. The 
spectrum region is read from right to left and a reference compound defines the zero 
point. Each peak at different chemical shifts indicates different proton environments. 
The integral that corresponds to the relative area under the peak is proportional to 
the number of absorbing hydrogen atoms. Different types of functional groups, such 
as methyl, benzene rings and hydroxyl, can change the chemical shift of the protons. 
Comprehensive tables that were used for the identification of the molecule structures 
are found in the literature.130, 131 
 
3.1.2.2 Gel permeation chromatography 
Gel permeation chromatography (GPC), also known as size exclusion 
chromatography (SEC), is a chromatographic technique that can separate dissolved 
polymer molecules according to their sizes by passing through a specific column 
containing a microporous material. By this technique the weight average molecular 
mass (Mw), number average molecular mass (Mn) and the molecular mass 
distribution/polydispersity (PD) of the polymer samples were determined. 
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The GPC analysis was conducted using a size exclusion chromatograph “Waters” 
equipped with a 2410 refractive index detector. The 300 mm long and 7.5 mm in 
diameter column was packed with 10 m PL-gel (Polymer Laboratories).  
Sample solutions were prepared by dissolving polymers in anhydrous THF and 
leaving them in the dark at room temperature for 2 hrs before being injected. The 
concentration of the polymeric samples in solution of THF was 1.5 mg/ml. Relative 
number and weight average molecular masses were determined by eluting the 
polymer solutions with THF at a flow rate of 1.0 ml/min. A calibration curve was 
created using narrow dispersed polystyrene standards.  
 
3.1.2.3 Fourier transform infrared spectroscopy 
Fourier transform infrared (FTIR) spectroscopy was used for the identification of 
functional groups that cannot be detected by 1H NMR analysis. A significant example 
is the -N=N- bond present in an azobenzene molecules, that has no hydrogen linked 
to it. The combination of infrared (IR) and 1H NMR spectroscopy leads to a faster 
and more effective identification of compounds. 
IR spectra are regular absorption spectra that are produced from the bond vibration 
motions of a molecule when it is exposed to infrared with different frequencies. For 
example, according to the Hooke’s law, stronger bonds vibrate at a faster rate than 
weaker bonds. The Hooke’s law in Equation 3-1 relates to the bond strength and the 
frequency of the vibration. 
 
𝑣 =
1
2𝜋𝑐
√
𝑓
𝜇
 
Equation 3-1 
where c is the speed of light (2.99x108 m/s),  is the frequency of the vibration (Hz) 
and is proportional to the square root of the constant bond strength, f (kg/s2), and 
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expresses the reduced mass kg) of the two atoms (m1 and m2) that form the 
chemical bond that can be defined from by the following Equation 3-2. 
 
𝜇 =
𝑚1𝑚2
𝑚1 + 𝑚2
 
Equation 3-2 
For the collection of FTIR spectra of the materials, a Vector 22 Spectrometer, was 
used and the data were analysed by a Bruker Optic’s OPUS software. A potassium 
bromide (KBr) disc was used as a reference. The FTIR spectra were collected at 
room temperature within the wavelength range of 400-4000 cm-1 and with a 
resolution of 3 cm-1. This wavelength range covered all the visible and near infrared 
regions. 
3.1.2.4 UV/Vis spectroscopy 
Ultra-violet and visible (UV/Vis) spectroscopy is another spectroscopic method that 
leads to the recognition of the composition of chromophore molecules in different 
structural forms. This technique was extensively used for identifying and quantifying 
the trans and cis azobenzene isomers. The electrons of molecules at different 
energy levels cause dissimilar absorption of UV and Vis radiation giving rise to 
different absorption spectra. 
The Beer-Lambert law is useful for the preparation of sample solutions at suitable 
concentrations. It represents a linear relationship between the absorbance A and 
concentration c (mol cm-3) of absorbing molecules, as can be seen in Equation 3-3 
 
𝐴 = 𝜀𝑏𝑐 
Equation 3-3 
where b is the path length of the sample (m) and  is the molar extinction coefficient 
(M-1m-1) that expresses the capability of molecules to absorb energy from light at a 
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specific frequency. Equation 3-4 defines the transmittance T and its correlation with 
the absorbance, 
𝑇 =  
𝐼
𝐼𝑜
= 10−𝜀𝑏𝑐 = 10−𝐴 
Equation 3-4 
where I is the light intensity (A) after it passes through the sample and I0 is the 
incident light intensity (A). 
The UV/Vis spectra were recorded over 260–600 nm wavelength range using a 
UV/Visible spectrometer (Zeiss, MCS 522 UV–Vis) equipped with a xenon flash lamp 
(Zeiss, BLX 500/4). The sample holder was modified to allow complete (total) 
irradiation of the solid films and liquid samples. The characteristic set-up of a sample 
chamber for liquid and solid films is illustrated in Figure 3.1.10 and Figure 3.1.11 
respectively. The light beam that provided the UV irradiation was positioned at a 
distance of 12 mm in order to obtain the maximum irradiation area of the materials 
under investigation.  
The azobenzene-based monomers or polymers (15 mg) were dissolved in 25 ml 
DMSO and used as stock solutions. Each sample solution was diluted further in 
order to achieve smooth absorbance spectra. The required concentration of the 
solutions used for carrying out the UV/Vis spectroscopy measurements was 10-3 M 
in DMSO. All the spectra of the solutions were recorded in a quartz cuvette with all 
sides clear (Photonic Solutions Ltd). To record the UV/Vis spectra of the solid films, 
their thickness was chosen to be between 7 and 11 m in order to achieve complete 
transmission as the azobenzene has a high molar extinction co-efficient εtrans is 
between 1200 and 2200 and εcis between 60 and 230 (as seen in Table 3.1.2).
17 
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Figure 3.1.10 Setup for irradiating samples in solution 
 
 
 
Figure 3.1.11 Typical setup for irradiating polymer thin films 
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Table 3.1.2 Characteristics, optical absorption values and photo-physical data of 
azobenzene molecules 
Molecules Mw 
(g/mol) 
C (mol/L) trans 
(nm) 
trans-
A 
1/Cd εtrans cis 
(nm) 
cis-A εcis 
HAB 198.22 0.001261 356 2.037 793 1615.13 436 0.171 135.97 
4,4´-
DHAB 
214.22 0.001167 361 2.124 857 1820.38 447 0.268 229.82 
MOAB 266.29 0.000939 324 1.126 1065 1199.90 434 0.053 56.87 
4,4´-
DMOAB 
350.37 0.000714 330 1.560 1401 2186.26 436 0.094 131.38 
GOAB 254.28 0.000983 346 0.860 1017 874.49 436 0.214 217.54 
4,4´-
DGOAB 
326.35 0.000766 359 1.727 1305 2254.40 442 0.170 221.96 
 
 
3.1.2.5 Differential scanning calorimetry 
Differential scanning calorimeter (DSC) is a well-known technique for the analysis of 
thermal properties of materials. DSC measures the heat capacity Cp for transition 
phases during the changes in enthalpy, and can determine the glass transition 
temperature of polymers (Tg) and the melting point (Tm) of materials.
132 The Tm of a 
material is a fundamental point of reference because it directly relates to the bond 
strength and structure. The higher the Tm, the stronger is the bond. 
The DSC analysis was conducted using a DSC METTLER TOLEDO with STARe 
Software, Version 9.10 under nitrogen atmosphere with a flow rate of 80 ml/min. The 
calibration of the instrument was accomplished using Indium (In) with a Tm of 
156.6°C. The weight of the polymer samples in DSC pans was between 6–9 mg. 
Three heating-cooling cycles were used to determine the Tg at a heating rate of 
10°C/min, from 25 to 200°C. The Tg of the samples was indicated from the midpoint 
of the heat flow increase. Alternatively, the identification of Tm required only two 
heating-cooling cycles within 25-160°C temperature range at a heating rate of 
2°C/min for the materials studied in this project. 
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3.1.2.6 Use of DSC/FTIR for cure monitoring 
The reaction kinetic of the monofuctional azobenzene resins (4-GOAB) with a 
common hardener diethylenetriamine (DETA) was calculated after monitoring the 
rate of curing of the epoxy-based materials using a DSC and a FTIR simultaneously. 
The IR spectra were collected during heating of the materials by means of a non-
contact optical fibre probe linking a Perkin Elmer DSC to a NIR Nicolet Nexus FTIR. 
A conventional aluminium pan containing the sample was placed in the sample 
holder of the DSC. The head of the sample chamber was modified to accommodate 
the optical fibre probe. The aluminium pan cover on the DSC holder was replaced by 
a borosilicate cover to allow transmission of the NIR wavelength onto the materials 
surface. The spectral information of the curing reaction was monitored using the 
reflectance mode. The non-contact probe was placed above the glass cover at a 
distance of 1 mm from the sample surface. The background NIR spectrum was 
obtained using an empty aluminum DSC pan in aerobic atmosphere. The NIR 
spectra were collected with a resolution of 4 cm-1. The temperature of the DSC was 
set to 30°C for a minute and then dynamic scans were performed between 30 to 
180°C with a heating rate of 5°C/min. The molar ratios of 3:1 and 5:1 (4-
GOAB/DETA) were chosen for the DSC/FTIR cure-monitoring experiments. The 
reaction mixture was prepared by adding 1.71 l of DETA to a 20 mg of 4-GOAB or 
2.85 l of DETA to a 20 mg of 4-GOAB in a DSC pan at room temperature. 
 
3.1.2.7 Irradiation of materials 
The isomerisation of the azobenzene in solid films and solutions was triggered by 
irradiating the samples using a Novacure M2100 light source (EXFO, Photonic 
Solutions Ltd). The solutions or films were irradiated at room temperature with a 5 
mm diameter light guide, made of fused silica. The output light was extracted using a 
filter of a wavelength range of 320-390 nm for UV and 400–500 nm for visible light. 
The intensity of light was 1000-2800 mW/cm2 for UV and 2800 mW/cm2 for visible 
irradiation. 
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Figure 3.1.12 Experimental set-up of the composites during UV irradiation 
 
The composite specimens were irradiated by two M2100 Novacure light sources in 
order to expose the specimen to light from the front and rear sides. The wavelength 
ranges of 320–390 nm for UV and 400–500 nm for visible light were selected for this 
experiment. Figure 3.1.12 shows the experimental set-up during UV and visible 
irradiation of all the composite samples. The selected intensities and distances 
between the specimens and light guides are listed in Table 3.1.3. These values were 
chosen to ensure maximum exposure of the samples under investigation. 
 
Table 3.1.3 Characteristics of the light sources 
 
 Light source 1 Light source 2 
 UV Visible UV Visible 
Intensity (mW/cm2) 1000 2800 1000 2800 
Wavelength range (nm) 320-390 400-500 320-390 400-500 
Light beam diameter (mm) 10 5 
Distance between light 
source and sample (cm) 
14 19 
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All the specimens were irradiated with visible light for 30 min prior to testing in order 
to ensure that all the azobenzene chromophores are in the trans form. It was 
expected that irradiation increased the specimen temperature, as discussed in 
details in section 4.2.1, therefore the irradiated specimens were allowed to cool to 
room temperature for minimum1 hr before being subjected to further experiment. 
 
3.1.2.8 Rotational rheometry 
Rotational rheometry is a technique for the measurement of complex shear rheology. 
It is sensitive enough to measure the viscosity of dilute polymer solutions, and yet 
robust enough to measure the viscoelasticity of high modulus polymers or 
composites. Therefore, this technique was used to investigate if there were any 
photoinduced changes in viscosity of azobenzene polymers due to the isomerisation. 
Rotational rheometry is ideal for discerning structural and compositional changes in 
materials. 
The photoviscosity measurements were conducted using a Bohlin C-VOR 150-HR 
rheometer with a customised sample chamber. The sample chamber, that contained 
a quartz plate surrounded by a water jacket, had an opening at the bottom, as shown 
in Figure 3.1.13, to permit irradiation by a light guide. All the viscosity measurements 
were performed using a 40 mm diameter 1° cone-plate that was positioned 3.8 cm 
away from the light guide. It should be mentioned that the measurements were 
collected at a controlled temperature of 25°C. A KTB30 water bath (Julabo, Seelbac) 
was used to control the temperature of the solution in the cell during irradiation. The 
shear stress applied to the investigated samples was 0.5-1 Pa. 
The required sample volume for each test was 340 l and the concentrations of the 
acrylic azobenzene-based polymer solutions were between 15 and 40 mg/ml. Non-
volatile solvents such as DMSO and -butyrolactone were used in order to avoid 
solvent evaporation during the viscosity measurements. Additionally, providing 
solvent in the solvent trap discouraged  solvent evaporation. Viscosity data were 
collected for 5 min in the dark to establish a stable state, 10-20 min under UV 
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irradiation and a further 10-20 min in order to observe any short-term recovery of the 
viscosity due to the possible photoinduced heating effect. 
 
Figure 3.1.13 Setup for rheometer cell 
 
3.1.2.9 Nanoindentation 
Nanoindentation experiments were of great importance, as they provided initial 
information regarding the mechanical properties of the polymers and involved small 
scale sample testing. Moreover, this technique was found to be very useful for UV-
triggered healing investigations on the azobenzene-based polymer films and cured 
resins, where images of the indented polymeric films were captured before and after 
UV irradiation. This technique required smaller quantity of solid sample compared to 
other mechanical testing methods. 
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Nanoindentation tests measure the hardness of a solid by indenting a very small 
area of the surface (~64 m2) with a nano-Newton (10-9 N) force and measuring the 
depth of the indent.133 It has a much higher sensitivity and resolution in comparison 
to the microindentation. With this method, the Vickers hardness (HV) of the solid can 
be calculated from the following Equation 3-5: 
𝐻𝑉 =
2𝐹 sin(
136°
2 )
𝑑2
= 1.8544
𝐹
𝑑2
 
Equation 3-5 
where d is the diagonal of the diamond indenter (m), h is the indentation depth (m) 
under the test force F(N). The actual indentation depth was calculated using the 
Equation 3-6. 
𝑑
ℎ
= 2√2 tan (
136°
2
) = 7 
Equation 3-6 
Taking into account the geometry of the diamond the simplified Vickers hardness 
formula is shown in Equation 3-7. 
𝐻𝑉 =
𝐹
26.4236 ℎ2
 
Equation 3-7 
 
For the determination of the elastic modulus E, Equation 3-8 was employed: 
 
𝐸 =
1 − 𝑣𝑠
2
1
𝐸𝑟
−
1 − 𝑣𝑖
2
𝐸𝑖
 
Equation 3-8 
EXPERIMENTAL METHODS 
 
86 
 
where Ei is the elastic modulus of the indenter equal to 1141 GPa, Er is the reduced 
modulus (GPa) of the indentation contact, v i is the Poisson’s ratio of the indenter 
equal to 0.07 (diamond) and v s is the Poisson’s ratio of the test specimen equal to 
0.35 for acrylic/ epoxy polymers.133 
A schematic representation of polymer films under indentation is illustrated in Figure 
3.1.14, where the indenter penetrates the polymeric film onto a glass substrate. 
Nanoindentation tests on pre- and post-irradiated polymer films were carried out by 
using a nano-hardness tester from CSM Instruments SA. The system was fitted with 
a Berkovich diamond indenter with triangle pyramid geometry. The samples were 
automatically transferred by an electromagnetic spiral from the nanoindenter to an 
equipped microscope for optical analysis. Force vs. depth curves before and after 
exposure to UV light were collected and analysed in the indentation software. A 
maximum load of 2 mN, a relaxation period of 30 s, and loading and unloading rates 
of 4 mN/min were used in the measurements. 
 
 
Figure 3.1.14 Schematic representation of indentation 
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Thin films of the acrylic copolymers with 0%,10%, 15%, 20%, 30%, 45%, 65%, 80% 
and 100% azobenzene were prepared by casting polymer solutions of toluene (200 
mg/ml) onto microscope glass slides at room temperature.126, 127 The samples were 
left on a leveled glass table inside a fumehood for three days in order to allow the 
solvent to evaporate. The films were then placed into a vacuum oven for five more 
days until the films reached constant weights as confirmed by periodically weighing 
them. For nanoindentation, the thicknesses of the films ranged between 80–150 mm. 
 
3.1.2.10 Atomic force microscopy 
Atomic force microscopy (AFM) is a microscopy technique for studying the 
morphology of samples at the nanoscale.The AFM provides quantitative information 
measuring the samples’ surfaces using a cantilever with a very sharp tip to scan 
over. This technique was useful for the UV-triggered healing investigations of the 
azobenzene-based cured resins as a consequence of the nanoindentation studies. 
The morphology of the artificially damaged specimens with a diamond scriber and a 
pin and the depths of the indents that were created on the films’ surfaces pre- and 
post- UV were investigated by AFM Digital Instruments Dimension™ 3000 scanning 
probe microscope with a NanoScope IIIa controller (Veeco instruments, Santa 
Barbara, California, USA) and a NanoScope IIIa software (version 4.42r4). Tapping 
mode was employed across the surface of the samples at a frequency of 1 Hz. 
Profiles were taken along a line from the indent’s deepest point through the matrix to 
ensure the same section was being examined. Healing ratio (HR) percentages have 
been also calculated using the Equation 3-9: 
 
𝐻𝑅 =
(𝑑𝐼 − 𝑑𝑈𝑉) 
𝑑𝐼
 𝑥 100% 
Equation 3-9  
where dI is the initial depth (nm) before irradiation and dUV the depth (nm) after 1 
hour exposure to UV light. 
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For these experiments 10% w/w 4,4´-DGOAB were mixed with a bi-resin system 
Biresin® LS Resin and F4 Hardener (100 parts epoxy/18 parts hardener), provided 
by Sika®, and cured at 80°C for 2 hrs. Samples as reference were prepared under 
the same conditions without the addition of the 4,4´-DGOAB. The liquid mixtures 
after curing were converted into 10 cm x 3.5 cm solid films with thickness range of 3-
5 mm. 
3.1.2.11 Gas pycnometry 
Gas pycnometry is a technique that allows determining the actual density of a 
sample without taking into account the volume occupied by internal or open porosity. 
The principle of this method is based on putting a sample of known mass into a cell 
of known volume. The helium pycnometer determines the density and volume of 
solid samples by measuring the pressure change in helium in the calibrated volume, 
according to the following equations, Equation 3-10, Equation 3-11 and Equation 
3-12:134 
 
𝑃𝑎𝑡𝑚𝑉𝑒𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛 = 𝑛𝑒𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛𝑅𝑇𝑎𝑡𝑚 
Equation 3-10 
𝑃𝑖  (𝑉𝑐𝑒𝑙𝑙 − 𝑉𝑠𝑎𝑚𝑝𝑙𝑒) = 𝑛𝑐𝑅𝑇𝑎𝑡𝑚 
Equation 3-11 
𝑃𝑖𝑖  (𝑉𝑐𝑒𝑙𝑙 − 𝑉𝑠𝑎𝑚𝑝𝑙𝑒 + 𝑉𝑒𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛) = 𝑛𝑐𝑅𝑇𝑎𝑡𝑚 + 𝑛𝑒𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛𝑅𝑇𝑎𝑡𝑚 
Equation 3-12 
 
where Patm is the ambient pressure (Pa), Vexpansion the expansion volume (m
3), 
nexpansion the number of moles of gas in the expansion volume, R is the molar gas 
constant (8.3144 Jmol-1K-1), Tatm the ambient temperature (°C), Pi is the initial 
pressure (Pa) (closed valve) and Pii is the elevated pressure (Pa) (opened valve). 
EXPERIMENTAL METHODS 
 
89 
 
A Micromeritics AccuPyc 1330 gas pycnometer, with helium gas, was used for 
recording the density values of the azobenzene-based polymeric films before and 
after UV irradiation and sonication. These tests were conducted to identify if there 
were any volume changes after the azobenzene had undergone isomerisation. Four 
samples with different azobenzene loading were tested and for each specimen the 
average value of density was calculated after five scans. The 300-400 mg films were 
cut into small pieces in order to fit into the experimental cell. The temperature was 
continuously recorded and remained constant at 23°C for all the samples during the 
measurements. 
 
3.1.2.12 Sonication 
Since ultrasound waves were found to be another stimulus that triggers the 
cistrans isomerisation of azobenzene molecules in solution, it was decided to 
investigate the effect of ultrasound on the cistrans isomerisation in solid polymer 
films. For this sonication experiment, the PMMA, P(MMA/MOAB) and PMOAB films, 
prepared as described in section 3.1.2.4, were placed into clear plastic resealable 
grip seal bags (Fisher Scientific), to ensure that the films did not peel off the glass 
slides in contact with water in the Grant ultrasonic bath (400 W). The bath was 
operated at a frequency range of 50-60 Hz; the temperature of the water was 
recorded using a thermocouple. 
 
3.1.2.13 HPLC analysis of ultrasound-treated samples 
High Performance Liquid Chromatography (HPLC) (Waters 2695) was used to 
analyse the compositions of cis and trans isomers of 4,4´-DGOAB following 
sonication. Acetonitrile (ACN) was used as the eluent. The detector wavelength was 
set to 412 nm, where the isosbestic point of the trans and cis 4,4´-DGOAB is located. 
In order to determine the trans/cis ratio of 4,4´-DGOAB in ACN solution (1.5 mg/ml), 
three vials containing ~2 ml solution each from the same stock solution (500 ml), 
were prepared. The first measurement was accomplished without any further 
treatment of the solution, the second after 1 min of exposure to UV light and the third 
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after 1 min exposure to UV light, and then 120 min of sonication in an ultrasound 
bath. Cis and trans isomers were calculated by integrating the peaks in the 
chromatogram. 
 
3.1.2.14 Fracture toughness of epoxy resins 
Single edge notched beam (SEBN) tests were performed to characterise the 
influence of azobenzene and UV light on the fracture toughness of the cured 
azobenzene-loaded resin. The measurements of the cured epoxy resin (bi-resin 
system) with 0%, 5% and 10% 4,4´-DGOAB were carried out using a Dartec Series 
HC25 testing machine (Zwick Ltd). The samples were tested in a 3-point bending 
mode with a span of 24 mm. The cross-head speed was 3 mm/min, and the force 
was measured using a load cell of 500 N (RDP Electronics Ltd). The data acquisition 
was performed at a capture rate of 1000 points per minute. A typical set-up is shown 
in Figure 3.1.15. 
 
Figure 3.1.15 Representation of 3-point bending test for fracture mechanics tests, with 
the specimen dimensions  
The specimens were prepared following the ASTM E 1820 procedure.135 Initially, all 
the specimens were irradiated with visible light (400-500 nm) for 30 min and stored 
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in the dark for a week prior to testing. The specimens that were exposed to UV 
irradiation for 30 min were allowed to cool down to room temperature for 1 hr in the 
dark before testing in order to eliminate the heating effect of irradiation, as discussed 
in details in section 4.2.1. 
The SEBN specimens had the dimensions of 27 mm x 6 mm x 3 mm and a 3 mm 
long notch was cut in the middle of the specimen’s length using a metallurgical saw 
(Struers® Accutom-2) in order to start the crack propagation. A sharp cut, using a 
blade, was additionally created in order to narrow the crack at the end tip of the 
notch. Two extensometer attachment holes were pierced using a 1 mm diameter drill 
bit in order to allow a miniature extensometer (Model 3442-006M-050ST, Epsilon 
Technology Corp.) to be fitted. The extensometer recorded the horizontal 
displacement that occurred during the crack growth. The 9610 Dartec control unit 
was used for collecting the load, time and crosshead displacement. The fracture 
toughness (KIC) was calculated from Equation 3-13 for the specific SEBN geometry 
using the function of Equation 3-14: 
 
𝐊𝐈𝐂 =
𝐅𝐜𝐒𝐟(
𝐚
𝐖)
𝐁𝐖𝟑/𝟐
 
Equation 3-13  
 
𝐟 (
𝐚
𝐖
)
=
[(𝟐 +
𝐚
𝐖) ∙ (𝟎. 𝟖𝟖𝟔 + 𝟒. 𝟔𝟒 (
𝐚
𝐖) − 𝟏𝟑. 𝟑𝟐 (
𝐚
𝐖)
𝟐
+ 𝟏𝟒. 𝟕𝟐 (
𝐚
𝐖)
𝟑
− 𝟓. 𝟔 (
𝐚
𝐖)
𝟒
)]
(𝟏 −
𝐚
𝐖)
𝟑
𝟐
 
Equation 3-14  
 
EXPERIMENTAL METHODS 
 
92 
 
where Fc is the critical force (N), S is the span (m), a is the crack length (m), W is the 
thickness (m) and B is the width (m) of the specimen. 
Videos were also captured using a high-speed camera (V.12 Phantom), with an 
acquisition rate of 1000 pictures per second and a resolution of 256 x 256 to identify 
the crack growth in each sample. 
 
3.2 Photoresponsive composites 
Common manufacturing techniques were used for the preparation of the 
photoresponsive composite panels. Combined methods of hand lay-up, vacuum bag 
and autoclave curing were applied. After the composites had been manufactured, 
the individual panels were cut into appropriate sizes for impact and compression 
after impact tests. 
 
 Materials for composites 3.2.1
The photoresponsive composites were made from glass fibres (unidirectional glass 
fibre cloth, East Coast Fibreglass Supplies) reinforcing the epoxy resin (Biresin® LS 
Resin and Biresin® F4 Hardener supplied by Sika®). The fibres were supplied as 
unidirectional fabric. Prior to processing, 5% and 10% of 4,4´-
diglycidyloxyazobenzene (4,4´-DGOAB) were added as the crosslinker. Their 
structures are depicted in Table 3.2.1. Higher amount of 4,4´-DGOAB could not be 
added because this would increase the cross-link density of the polymeric matrix 
leading to a decrease in the resistance to crack initiation and in the plastic 
deformation capability due to constrained free volume.136 Reference panels 
containing no azobenzene in the resin were also prepared using the same 
experimental techniques as stated above. 
 
Table 3.2.1 Epoxy resins and hardener structures 
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Product Chemical name 
(Abbreviation) 
Molecular structure 
Biresin LS resin Diglicydyl ether of 
bisphenol A (DGEBA) 
O
O O
O 
Azobenzene 
resin 
4,4´-
Diglycidyloxyazobenzene 
(4,4´-DGOAB) 
O O
N
N
O O
 
Biresin F4 
hardener 
2,4,4-Trimethylhexane-
1,6-diamine 
NH2NH2
 
 
The bi-resin system was selected based on the following criteria: 
 the epoxy part should be mainly Bisphenol A and a liquid 
 the pot life should be higher than 1 hr 
 the curing or post-curing temperature should be above 25°C 
 the curing time should be not more than 8 hrs 
 the colour after curing should not be dark (pale yellow or light orange are 
acceptable). 
 
 Composite manufacturing 3.2.2
In order to investigate the role of azobenzene concentration on the composite impact 
properties, six panels were manufactured with three different azobenzene loadings 
of 0%, 5% and 10%. 
For each panel, eight glass fibre fabrics were cut using a pair of scissors to the 
desired dimensions (500 mm x 250 mm x 4-5 mm) and were stacked with the 
following sequence of [0, 90]s on a steel plate. The mixture of 4,4´-DGOAB/ epoxy 
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resin was poured and spread using a wooden spatula between every other fabric 
layer. On completion, the panels were then vacuum bagged as shown in Figure 
3.2.1. 
 
 
Figure 3.2.1 Illustration of vacuum bagging 
 
The vacuum bagging is a technique used to improve the quality of composites. It is 
one of the most common procedures for manufacturing various components of 
aircrafts. A vacuum of about -30 inHg was applied to extract any air trapped during 
the composites lay-up process. The other benefit of applying vacuum is to remove 
any volatiles that can be generated during the chemical reaction. The vacuum 
bagging process was as follows: 
 The steel plate (60 cm x 60 cm) was coated with a polytetrafluorethylene (PTFE, 
Teflon®) film (Tyaflor by Tygavac Advanced Material Ltd) for easy removal of the 
composite panels after curing. 
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 Fabrics were placed between two peel plies (made of nylon, Aerovac Cytec plc) 
on the top of the steel plate. The peel plies that were in contact with the laminate 
were required to easily peel off the composite panels after solidification.  
 On the top of the peel ply, a perforated release film (made of polyolefin, Aerovac 
Cytec plc) was placed. It was a thin plastic sheet that is perforated to help 
remove trapped air, solvent, volatiles or excess resin out of the panel.  
 Then a breather (Aerovac Cytec plc) was placed on top of the release film. The 
breather, made of non-woven polyester fabric, was responsible for absorbing any 
excess of resin and allowing solvent and air to be removed from within the 
vacuum bag. 
 Finally, a bagging film (made of nylon, Tygavac Advanced Material Ltd) was 
sealed on the steel plate with a tape. The film allowed the vacuum to be applied 
to the panel during the curing process. Two quick release coupling (plug and 
socket) valves that were connected to the vacuum pump and the pressure gauge 
were fitted through the bagging film. 
 
On completion of the vacuum bagging, the composites were cured in a dry autoclave 
(Aeroform Ltd). This is a large vessel that offers controlled temperature, vacuum and 
pressure profiles simultaneously, and is used for curing polymeric reinforced 
composites. The photoresponsive and reference composites were processed in an 
air atmosphere according to the manufacturer’s recommended cure cycle of 2 hrs at 
80°C, with a heating rate of 1.67°C/min, under a pressure of 50 psi and vacuum. A 
typical curing profile is shown in Figure 3.2.2. 
After curing, the panels were left in the autoclave to cool down to room temperature 
overnight. The bagging materials were then removed and the panels were stored in 
the dark until characterisation.  
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Figure 3.2.2 Typical curing profile of composite panels 
 
 Composite characterisation 3.2.3
The influence of azobenzene in the glass/epoxy composites was investigated by 
carrying out compression, impact and compression after impact (CAI) tests before 
and after photoisomerisation. The dimensions of all the samples were selected to 
150 mm x 100 mm x 3 mm for each test.  
 
3.2.3.1 Microscopy analysis to evaluate void and fibre volume fractions 
Microscopic analysis was done to determine the fibre orientation, ply thickness and 
the fibre and void volume fractions. This was achieved using a Keyence VHX-1000 
digital microscope. Off-cuts of the photoresponsive composites were cold mounted in 
an epoxy resin (EpoFix resin/hardener system, Struers) (of 40 mm diameter) and 
then polished using a polishing machine (Rotopol-21, Struers). The specimens were 
ground with 220 grit (for 1 min), 1000 grit (for 1 min) and 2400 grit (for 3 min) SiC 
abrasive papers (Struers) using water as lubricant, and then polished using 3-m 
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and 1-m  diamond suspensions (DP-Suspensions, Struers) for 6 min and 1 min, 
respectively, to obtain a near to scratch-free surface. 
The fibre orientation, the ply thickness and the fibre and void fractions were 
determined by processing the images using the open-source software ImageJ 
(developed by Wayne Rasband). Firstly, after capturing a mosaic image from the 
digital microscope, various areas of the layers of about 2 mm x 0.5 mm dimensions 
were selected. A selected area under investigation can be seen in Figure 3.2.3. 
 
 
Figure 3.2.3 Initial image of a 90° ply of glass/epoxy composite 
 
The next step was to convert the image to 8-bit. Then an optimum threshold was 
selected to adjust the contrast of the grey scale image (Figure 3.2.4). The grey, 
green and blue areas corresponded to resin, fibres and voids respectively. By the 
percentages obtained in the threshold, the fibre volume fractions were determined. 
 
Figure 3.2.4 Green-blue contrasted image of a 90° ply of glass/epoxy composite 
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The void volume fraction of the photoresponsive composites was measured using 
the previously described method. Figure 3.2.5 shows a mosaic image of a cross-
section of a sample where the different fibres alignment and voids are visible. The 2-
D stitching for obtaining a mosaic image was necessary to capture such large 
objects (voids) since they would not be entirely observed using a scan procedure. 
Once the selected area was converted to green-blue contrasted image, the voids 
were apparent (blue colour) and their distribution was measured by the threshold. 
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Figure 3.2.5 Initial image and green-blue contrasted image of a cross-section of glass/epoxy composite with its threshold  
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3.2.3.2 Reflectance CM-700D spectrophotometry 
As mentioned in the subsection 3.1.2.9 thin azobenzene polymeric films were 
required to be able to record the UV/Vis spectra. Because of the high 
absorption coefficient of the azobenzene chromophores (>21,100),137 UV/Vis 
absorption spectroscopy was not a suitable technique to determine the different 
transition states after isomerisation in thick composite panels. Consequently, 
reflectance spectrophotometry was used. 
This was carried out using a CM-700D spectrophotometer (Konica Minolta) 
which is a precise, easy to use, portable and lightweight spectrophotometer 
designed to measure the spectra of solid films using reflection mode.138 This 
instrument uses light from a xenon lamp (10 W) to illuminate the specimen 
uniformly and then the reflected light from the specimen is received by the 
detector. The intensity of the signals was collected every 10 nm within the 
wavelength range of 400-700 nm. It was found to be the most suitable method 
for calculating the trans and cis isomers ratios of the azobenzene chromophore 
in the composites. The different excitation states that occurred before and after 
isomerisation were accompanied with a slight colour change that was monitored 
by this technique. 
 
3.2.3.3 Thermal imaging 
When an object is heated, it radiates electromagnetic energy. The amount of 
energy is then related to the object’s temperature. This energy can be detected 
by a thermal camera  that converts it in to an electronic signal which is then 
processed to produce a thermal image.139 A thermal image is an image of the 
object with different colours, each representing a range of temperature present 
within the object. The advantage of this technique is that the temperature of the 
object can be accurately quantified without physical contact by measuring the 
emitted energy. Bates et al. demonstrated that a thermal camera for quantitative 
in-service and manufacturing process inspection of commercial aircraft 
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components is another non-destructive testing and is 30 times faster than the 
ultrasonic c-scanning technique.140 
Thermal camera mainly senses the wavelengths in the mid (3000-5000 nm) and 
long (5000-14000 nm) wave infrared (MWIR/LWIR) to deduce the temperature 
of the emissive body. Emissivity is the material‘s ability to emit thermal radiation 
and it varies significantly from material to material with values ranging between 
0 and 1.141 An ideal object which absorbs and emits the maximum amount of 
thermal radiation has an emissivity equal to 1. 
For these studies, a MWIR (SC7600 model, FLIR) thermal imager was used. Its 
sensitivity of 0.02°C allowed the capture of the finest image details and 
temperature difference information. The emissivity range was specified to be 
0.90-0.92 according to literature for epoxy/glass fibre composites.142 ALTAIR 
Version 5© software was used for these experiments, which permitted a very 
precise comparison of the thermal changes between the samples by setting the 
desired lower and upper temperature limits to 19.5°C and 26°C respectively for 
the composites. 
 
3.2.3.4 Compression test 
Compression tests can determine the in-plane compressive properties by 
applying a compressive force on the specimen. It was selected for determining 
the influence of azobenzene on the mechanical properties of the 
photoresponsive composites because compressive strength is a matrix-
dominant property.143 These sets of tests are believed to be important for these 
studies, and sensitive enough to indicate photo-induced changes that may 
affect the compressive response of composite specimens. 
The compression tests were conducted according to the British standard BS 
ISO 18352, on 3-5 composite specimens with different azobenzene loading or 
light illumination.144 All the specimens of 150 x 100 x 3 mm dimensions were 
tested at ambient temperature. The samples were loaded until failure at a cross-
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head speed of 2 mm/min using a universal testing machine Zwick and a 200-kN 
load cell. The compressive strength of the composites (σc) was calculated from 
the following Equation 3-15: 
 
𝝈𝑪 =
𝑭
𝒃∙𝒉
  
Equation 3-15  
 
where σc is the compressive strength (Pa), F is the maximum load (N), b is the 
width of specimen (m) and h is the thickness of specimen (m). 
 
3.2.3.5 Impact test 
High-velocity impact tests were conducted on the photoresponsive composites 
to study the influences of the incorporated chromophores and the azobenzene 
isomerisation. The chromophore influence was studied with non-UV irradiated 
laminates containing 0%, 5% and 10% azobenzene impacted at three different 
velocities (130, 190 and 340 m/s). On the other hand, the influence of 
azobenzene isomerisation on the impact behaviour of the epoxy-
azobenzene/glass fibre composites was investigated at a single velocity of 
approximately 190 m/s (125 kJ). The high-velocity impact tests were carried out 
using an ELVIS (Explosive (or Extremely) Low Velocity Impact System) single 
stage 22 mm diameter gas gun. The velocities of 130 m/s and 190 m/s were 
obtained with air at a pressure of 5 bar and 10 bar, respectively, whereas the 
velocity of 375 m/s was reached with helium at 45 bar. The specimens (150 mm 
x 100 mm x 3 mm) were clamped from the top and bottom in a target–holding 
rig (Figure 3.2.6), in order to prevent any improper orientation. A stainless steel 
sphere (12 mm diameter, 7.04 g) sitting in a cup type sabot, as seen in Figure 
3.2.7, was the projectile used for all the tests. 
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Figure 3.2.6 Target–holding rig 
 
 
Figure 3.2.7 Stainless steel sphere in its sabot 
 
During the high velocity impact tests the panel behaviour was recorded using a 
V.12 Phantom high-speed camera (40,000 pictures per second and 608x224 
resolution) from which the projectile impact, rebound and exit velocities were 
extracted. The absorbed energy was calculated from the following Equation 
3-16: 
𝐸𝑡 =
1
2
𝑚(𝑣1
2 − 𝑣2
2) 
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Equation 3-16 
 
where m is the mass of the projectile (kg), v1 and v2 are the entry and exit 
velocities (m/s) respectively, and Et is the absorbed energy (J). 
3.2.3.6 Compression after-impact test 
Compression after impact (CAI) tests were carried out in order to compare the 
residual strength of the impacted specimens subjected to UV and visible 
irradiation. This set of experiments followed exactly the same technique as 
described in section 3.2.3.4 for the compression test. The only difference here 
was that the specimens have been previously impacted. In addition to the 
material’s residual strength, CAI tests helped to evaluate whether strengthening 
and/or healing of the impacted samples occurred after exposure to UV 
radiation. 
These experiments were performed at room temperature using the Zwick 
universal tester with a 200 kN load capacity. The cross-head speed of the 
testing machine was set at 2 mm/min until the maximum compressive load was 
reached. The compression stress, strain, and the maximum stress were 
measured as a function of the azobenzene loading. 
3.2.3.7 Damage and morphology analysis 
The high transparency of the epoxy-azobenzene/glass fibre composite panels 
offered the opportunity to visually observe internal damage such as 
delamination and large matrix cracks. This was achieved by placing the panels 
in front of a common light bulb (60 W) and by taking photographs of the 
illuminated samples using a Canon digital camera. The photographs were then 
processed through the ImageJ software (open-source developed by Wayne 
Rasband) for measuring the area of the delamination that was created as a 
result of the impact. 
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4 RESULTS AND DISCUSSION 
This chapter presents the results and discussion for the azobenzene-based 
materials before and after they have been subjected to external stimuli such as 
UV light, heat and ultrasound wave. Synthesis and characterisation of the 
precursor molecules, monomers and polymers are described. Manufacturing 
and characterisation of the photoresponsive glass/epoxy fibre composites are 
discussed. 
 
4.1 Photoresponsive Materials 
The polymers that were investigated in this PhD programme were acrylic and 
epoxy based. The acrylic matrix (thermoplastic) was made from copolymers of 
MMA and azobenzene functionalised monomers with azobenzene loadings of 
0-100 mol%. The physical and mechanical changes of the acrylic polymers 
were investigated before and after exposure to UV light in solid and liquid 
states. The epoxy-based materials that were synthesised were made from 
modified epoxy resins with azobenzene in the main chain. The azobenzene 
difunctional epoxies, were used as crosslinkers, therefore only up-to 10 w/w% 
was cured with a common epoxy bi-resin system of bisphenol and a hardener 
(amine). Their photo-induced properties and healing abilities were also 
assessed. 
 Synthesis 4.1.1
Various precursors, monofunctional and difunctional monomers were 
synthesised in the lab as most of them were not commercially available. Figure 
4.1.1 presents the structures of the precursor and monomers with their yields 
enlisted in Table 4.1.1. Their synthesis, difficulties, scale-up and development 
processes are discussed below. 
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Figure 4.1.1 Structures of mono- and di-functional azobenzene molecules 
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Table 4.1.1 Synthesised amounts and yields of azobenzene molecules 
Molecules Amount (g) Yield (%) 
4-MOAB 20 78 
4-AOAB 10 72 
4-GOAB 20 81 
4,4´-DHAB 2 24 
4,4´-DMOAB 10 81 
4,4´-DGOAB 500 75 
PMMA 20 90 
P(MMA/MOAB) 10/each 71-76 
PGOAB 2 88 
 
 
Azobenzene monomers functionalised with acrylic or methacrylic groups are not 
commercially available. Therefore, their synthesis as precursor molecules was 
necessary for obtaining azobenzene-based polymers. The syntheses of 
approximately 10-20 g of the azobenzene-based monomers 4-
methacryloyloxyazobenzene (4-MOAB), 4-acryloyloxyazobenzene (4-AOAB) 
and 4,4´-dimethacryloxyazobenzene (4,4´-DMOAB) were achieved via the 
substitution reactions between the commercially available hydroxyazobenzene 
and the methacryloyl chloride or acryloyl chloride, respectively according to the 
literature.23 Extra care was given to the ice-bath for maintaining the temperature 
of the reaction mixture at 5°C while the methacryloyl chloride was added to the 
THF solution of the hydroxyazobenzene, as it was an exothermic reaction. 
Completion of the reaction was achieved within 2 hrs stirring at room 
temperature (as monitored by TLC) but more time (1 day) was required for 
purification and solvent removal. Two or three times recrystallisation was 
required in order to isolate any starting materials from the final product with 71-
78% yield. Similar studies in relevant literature state that the reaction was left 
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stirring at room temperature for 48 hrs and column chromatography was used 
for the monomers purification, and a lower yield of 70% was achieved.23 
Polymethacryloyloxyazobenzene (PMOAB) and P(MMA/MOAB) copolymers 
with 10%,15%, 20%, 30%, 45%, 65% and 85% azobenzene loadings were not 
commercially available and therefore their synthesis was a mandatory step. The 
azobenzene-based copolymers (10 g each) were synthesised by a free radical 
polymerisation of 4-methacryloyloxyazobenzene (4-MOAB) and 
methylmethacrylate (MMA.) according to the synthetic method described in 
Figure 3.1.8. The homopolymers and copolymers were produced after 2 days of 
stirring at 65°C. The removal of impurities (mainly monomers) at the end of the 
synthesis was an easy step (CHCl3/H2O extraction). High yields (>75%) were 
achieved which was in accordance with relevant literature.23 On the other hand, 
a longer reaction time of 64 hrs at 65°C with a similar yield of 80% was reported 
by other authors.23 
Furthermore, epoxy-based azobenzene monomers were not commercially 
available. Therefore 4-glycidyloxyazobenzene (4-GOAB) and 4,4´-
diglycidyloxyazobenzene (4,4´-DGOAB) were synthesised in the laboratory 
following the synthetic route of Peris et al.32 After 1 hr reflux reaction of 4-
hydroxyazobenzene and epichlorohydrin with a molar ratio of 1:40 respectively 
2 g of 4-GOAB were produced. The product was recrystallised and purified 
using column chromatography. A significant amount of 4-GOAB was trapped in 
the column giving a lower yield of 48% compared to a higher yield of 95% 
reported by Peris et al.32 Different solvents or a mixture of solvents could be 
used as eluents to collect any left over product but it was unnecessary since it 
was demonstrated that column chromatography was not needed anymore 
(details are in section 4.1.2.1). 
Although the 4,4´-dihydroxyazobenzene (4,4´-DHAB), used as a precursor for 
the production of 4,4´-DGOAB, was commercially available, its synthesis was 
attempted following a method similar to the one reported by Matsumoto et al.145 
They obtained a very high yield of 71% producing 2 g of 4,4´-DHAB. Following 
RESULTS AND DISCUSSION 
111 
 
step-by-step the same synthetic procedure a yield of 24% was obtained. The 
reason for this poor yield was attributed to the decomposition of diazonium salt 
at temperatures above 0°C.146 Therefore the synthetic route was discontinued 
and the product (500 g) was purchased from Sphinx. 
The 4,4´-DGOAB (500 g) were synthesised by modifying the above procedure 
of Peris et al. and scaling up from 2 g to 40 g.32 The molar ration of 4,4´-DHAB 
and epichlorohydrin was decreased from 1:40 to 1:10 by allowing the reaction to 
reflux over a longer period (6 hrs instead of 1 hr). The purity of the product was 
verified by TLC. The yield of the product after optimisation of the process and 
purification was quite satisfactory as it reached 75%. 
 Materials characterisation 4.1.2
In this section the findings for the photoresponsive materials structures and 
properties are described in detail. The photo- and ultrasound-induced 
geometrical changes of the azobenzene are presented. Curing and 
isomerisation kinetics were determined. The investigations of viscosity and 
density change due to light irradiation as well as the healing behaviour of the 
photoresponsive materials are discussed. The influence of azobenzene and UV 
light irradiation on the stiffness and fracture properties of polymeric films are 
described in detail. 
4.1.2.1 1H NMR analysis 
1H NMR provided information about the structure and functional groups in all 
the starting materials and chemical substances that were synthesised in the 
laboratory. All the NMR signals that were identified are mentioned in section 
3.1.1, under each corresponding synthetic route. The outcome was that, with 
this technique, the identification of the composition of azobenzene in polymers 
was obtained. 
A series of polymers assigned as CV.1, CV2.2 and CV2.3 (copolymers of 
P(MMA/MOAB)) synthesised under the same conditions but in different solvents 
such as; THF (sample CV2.1), DMF (sample CV2.2) and DMSO (sample 
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CV2.3). The 1H NMR spectra of the (MMA/MOAB) copolymers (a) CV2.1, (b) 
CV2.2 and (c) CV2.3 are shown in Figure 4.1.2. The 1H NMR spectra of the 
three azo-copolymers indicated three characteristic chemical environments due 
to the aromatic proton signals from azobenzene at 7.89-7.93 ppm, 7.49-7.52 
ppm and 6.88-6.90 ppm corresponding to four, two and three aromatic protons 
respectively. The composition of azobenzene content was determined by using 
Equation 4-1 (formula for % azobenzene concentration). 
 
𝐴𝐵% =
𝐴𝛿=7.9
4⁄
𝐴𝛿=7.9
4⁄ +
𝐴𝛿=3.6
3⁄
 
Equation 4-1 
 
In spectra (b) the signal was more intense presumably due to interactions of the 
copolymer with the DMF residual solvent. The CDCl3 appears clearly with a 
sharp signal at 7.26 ppm in all the three spectra as the used deuterated solvent. 
The intense signal at 3.68 ppm corresponds to the protons from the methyl –O-
CH3 group. The presence of DMF was identified at 2.88 and 2.61 ppm at (b) 
spectra, more significantly, but traces of it were also detected in CV2.1 and 
CV2.3 NMR spectra. This can be explained by the fact that the three samples 
were drying into the same desiccator, so all the samples might have been 
contaminated by DMF vapour. The broad doublet at 1.89-2.07 ppm is attributed 
to the resonance of the CH3 protons of the methacrylate. 
The signal at 2.61 ppm corresponds to water; especially at the copolymers 
CV2.1, CV2.2 synthesised in THF and DMSO respectively and less intense for 
the CV2.2, prepared in DMF. Finally, the two broad signals at 1.21-1.45 ppm 
and 0.84-1.02 ppm were attributed to the methylene and methyl group 
respectively. 
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1H-NMR analysis confirmed the azobenzene content to be 3.2% in 
P(MMA/MOAB) CV2.1 synthesised in THF, 2.3% in CV2.2 in DMF and 3% in 
CV2.3 in DMSO. The amount of azobenzene was expected to be less than 5% 
(5% target), since 100% yield was not achieved (71-76% yields). The remaining 
2% amount of azobenzene monomer could have been homopolymerised or 
copolymerised but with a very low molecular weight as the chain termination in 
free radical polymerisation is a random process.147 The azobenzene monomer 
or low molecular weight polymers were removed from the final product after 
purification, as described in section 3.1.1.7. 
Since THF was found to be a good solvent for the monomer, easy to remove at 
the end of polymerisation and gave better yield, it was selected for the synthesis 
of a series of methacrylic polymers with azobenzene loadings varying between 
0-100%. The polymer names with the corresponding azobenzene contents of 
the synthesised polymers are presented in Table 4.1.2. 
 
 
Figure 4.1.2 1H-NMR spectra of (MMA/MOAB) copolymers in CDCl3 
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Table 4.1.2 Azobenzene loadings of methacrylic polymers 
Names Azobenzene (% mol) 
PMMA 0 
10%P(MMA/MOAB) 10 
20%P(MMA/MOAB) 20 
30%P(MMA/MOAB) 30 
45%P(MMA/MOAB) 45 
65%P(MMA/MOAB) 65 
80%P(MMA/MOAB) 80 
PMOAB 100 
 
To study the purity of glycidyloxyazobenzene (4-GOAB) and compositional 
fluctuation due to UV irradiation and storage in the dark 1H-NMR spectra were 
monitored. 
The 1H NMR spectra of the purified 4-GOAB in CDCl3 at room temperature (a) 
unirradiated, (b) upon 5 min of UV irradiation, (c) after 1 day and (d) 2 days 
storage in the dark are presented in Figure 4.1.3. The analyses at different 
conditions were conducted for the identification of different proton signals that 
could occur after isomerisation. The azobenzene monomer during its synthesis 
and purification procedures was exposed to room light (not in the dark), thus 
existence of cis isomers could be possible. 
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Figure 4.1.3 1H NMR spectra of 4-GOAB in CDCl3 at room temperature a) non-
irradiated, b) after purification, c) after 5 min of UV irradiation, and after storage 
in the dark (d–g). 
 
The spectrum in Figure 4.1.3.a indicated three characteristic signals at7.86-
7.97 (t, 4H) ppm, 7.43-7.53 (m, 3H) ppm and 7.02-7.05 (d, 2H) ppm that 
resulted due to the presence of two aromatic rings in 4-GOAB. The protons of 
the methylene group appear at the 4.22-4.34 ppm and 4.05-4.07 ppm region. 
The broad signal at 3.50 ppm was attributed to the proton of the methylene 
carbon and the two subsequent chemical shifts of 2.92-2.96 ppm and 2.98-2.89 
ppm correspond to the methylene group of the epoxy ring. These stated signals 
at their specific chemical shifts are in good agreement with the literature, thus 
the existence of glycidyloxyazobenzene was confirmed.32 
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Nevertheless, additional signals were observed in the NMR spectra labelled 
with (a) that were assumed to be impurities representing about 18% of the total 
product at 7.15-7.31, 6.75-6.87, 4.17-4.22, 3.38-3.90, 2.89, 2.92-2.96 and 2.87-
2.89 ppm. When the same solution was irradiated for 5 min with UV light the 
NMR spectrum (b) revealed that the intensity of the so called “impurities” 
increased while the proton signals of the glycidyloxyazobenzene became 
weaker. The opposite effect was observed after storage in the dark. By 
comparing the NMR signals from these four spectra it is believed that the 
different proton environments were signals of the cis isomers and were 
assigned to the photoisomerisation of the azobenzene. The trans-
glycidyloxyazobenzene had the chemical shifts described above. On the other 
hand, the aromatic signals of the cis monomer appeared to be shifted upfield. 
The spectra (b), (c) and (d) showed an upfield shift in the signals of the epoxy 
and methylene groups due to the cis structure of the azomonomer. The 
resonance signals at7.15-7.31 (m, 3H) ppm that interrupted by the 
characteristic signal of CDCl3, 6.87-6.90 (t, 4H) ppm and6.75-6.87 (d, 2H) ppm 
were noticed to shift without having the same order as in the trans form. This 
may be caused by the interaction of the oxygen of the glycidyl ether molecule 
with the aromatic protons, located next to the two nitrogens. The four protons 
next to the nitrogen could come closer to the oxygen as they were in the cis 
conformation and thus can explain why their signals overlapped those at the 
end of the unattached benzene ring. Regarding the epoxy ring, new signals 
appeared next to each signal from the trans conformation of the molecule: for 
the protons in methylene at 4.17-4.22 (d, 1H) ppm and 3.38-3.90 (q, 1H) ppm, 
for the chiral another singlet at 2.89 ppm and for the methylene between the 
epoxy and the ether bond a broader multiplet signal at 2.92-2.96 ppm and 
another signal at 2.87-2.89 ppm. The signals of the cis isomer appear at higher 
field than the signals corresponding to the trans isomer, due to the anisotropic 
effect of the π cloud of the aromatic ring.70 
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The cis signals were found next to the trans ones but with lower intensity due to 
different proportional proton environments of the trans and cis forms. By 
analysing the integrals of the NMR spectra it was possible to calculate the 
loading of each isomer. 
Another study has already indicated that the 1H NMR spectra of 4-
methacryloyloxyazobenzene after UV irradiation presented new additional sets 
of not only aromatic but also vinyl signals due to the cis conformation of the 
azobenzene.148 Peris et al. demonstrated different chemical shifts due to the 
trans and cis configurations of the 4-GOAB monomer.32 Here for the first time 
the changes in the proton signals of an epoxy group linked to azobenzene due 
to the reversible azo-isomerisation were investigated. 
The graph in Figure 4.1.4 illustrates the percentage of the two geometric 
isomers in CDCl3 at ambient, upon 5 min of UV irradiation, after 1 day and after 
2 days in the dark respectively. In each situation the blue columns express the 
percentage of the trans and the red ones the percentage of the cis-GOAB. 
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Figure 4.1.4 Graph of proportional trans- and cis-GOAB molecules based on 
NMR spectra 
 
From the first NMR data it was observed that about 18% of cis isomers were 
formed presumably by the influence of the room light in the laboratory during 
the synthetic and purification procedures. Upon 5 min UV irradiation the 
intensity of the trans peaks decreased by 51% and a parallel 60% increase in 
the cis isomers was noticed. After keeping the sample in the dark for 1 day a 
reversible behaviour was noticed, which was expected due to the reversion of 
the cis isomers to the more stable trans forms. A 45% increase of trans 
molecules was observed after storage in the dark the first day, while 
subsequent storage in dark for a second day led to a 75% increase of the trans 
isomers. In parallel, 30% and 49% decreases of cis molecules were noticed 
after storage in the dark for 1 and 2 days subsequently. 
Further studies for determining the reversible transcis isomerisation kinetics 
were carried out (section 4.1.2.4.1) in order to obtain a better view about the 
reaction kinetics. 
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4.1.2.1.1 Curing analysis by 1H NMR 
The first molecule under investigation for its reactivity, with a common amine, 
diethylenetriamine (DETA), was the monofunctional epoxy monomer the 
glycidyloxyazobenzene (4-GOAB). Its photoresponsive behaviour was 
evaluated after curing in order to confirm that photo-induced changes can occur 
in a rigid network at liquid and solid forms. 
 
 
Figure 4.1.5 1H NMR spectra of 4-GOAB/DETA at room temperature as (a) 
unreacted system, (b) cured with 3:1 molar ratio system, and (c) cured with 5:1 
molar ratio system 
 
1H NMR spectra of unreacted and reacted 4-GOAB/DETA systems are 
presented in Figure 4.1.5. The chemical shifts for the mixture of 4-GOAB with 
DETA in dmso-d6 are illustrated in the spectrum (a). The spectra of cured 
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samples with a 3:1 and 5:1 molar ratio of 4-GOAB/DETA are presented in 
Figure 4.1.5 (b) and (c) respectively. 
It was observed from the spectrum (a) that there are three strong multiplets at 
7.91-7.84 ppm (m, 4H), 7.61-7.53 ppm (t, 3H) and7.19-7.17 ppm (d, 2H) 
corresponding to the benzene rings of the 4-GOAB. In both cured samples 
these resonance signals became broader, indicating polymeric character, and 
signals shifted slightly downfield. Two sharp signals at 4.50-4.46 ppm (d, 1H) 
and 3.97-3.93 ppm (q, 1H) corresponding to the methylene of the epoxy 
disappeared and instead a broad multiplet appeared at 4.08-3.96 ppm, showing 
that the epoxy ring has been opened. The other two sharp signals at 2.89-2.87 
ppm (m, 1H) and 2.77-2.75 ppm (m, 1H) corresponding to the methylene group 
next to the ether linkage and the broader ones at 2.57-2.46 ppm disappeared 
completely. For the cured solutions the NMR spectra (b) and (c) indicated a new 
weak multiplet peak in the middle at 2.67-2.50 ppm, confirming the formation of 
a new amino bond with the opened epoxy ring. 
Moreover, the rate of the reaction was calculated by quantitative analysis of the 
integrals corresponding to the reacted amines. It was found that for the 3:1 
system, about 2.76 molecules of (~3) 4-GOAB reacted with each DETA 
molecule. Similarly, 3.07 molecules of 4-GOAB were attached to each DETA 
molecule in the 5:1 (4-GOAB/DETA) system. It is clear that even though the 
DETA has five functional protons, only a maximum of three molecules of 4-
GOAB can react with it. Once 3 4-GOAB molecules are attached to a DETA 
molecule the cured system becomes too crowded to be able to accommodate 
any more 4-GOAB molecules. The reactivity decreases due to steric hindrance 
and most probably the positions of the amine that reacted with the 4-GOAB are 
one secondary and two primary amines. Two newly formed secondary amines 
after reaction are thought to be steric less favourable for addition to any further 
4-GOAB molecule as can be seen in Figure 4.1.6. Other authors reported that 
electron density and steric hindrance affect the reactivity of amines as curing 
agents.149, 150 
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The 1H NMR studies confirmed that the reaction had occurred from the 
disappearance of the oxirane group and the amine protons. 
 
 
Figure 4.1.6 Proposed 4-GOAB/DETA reaction scheme 
 
4.1.2.2 GPC analysis 
After the structural information of the polymers obtained by 1H NMR, the next 
characterisation technique that was followed was the gel permeation 
chromatography (GPC), for investigation of the polymers’ molecular weight and 
polydispersity. 
In Table 4.1.3 the synthetic yields and the GPC results of the (MMA/MOAB) 
copolymers are illustrated. It has been shown that synthesising PMMA with 
different solvents can affect the mechanical and thermal behaviour of the 
polymer.126, 127 The molecular chain properties of azobenzene based polymers 
synthesised by using THF (sample CV2.1), DMF (sample CV2.2) and DMSO 
(sample CV2.3) were investigated. All the accomplished copolymers were 
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produced with very reasonable yields. CV2.1 and CV2.3 achieved 71% yield, 
while CV2.2 polymerised in DMF obtained 76% yield. The GPC chromatogram 
of the copolymers recorded a single broad peak without the appearance of any 
shoulders. The presence of only one peak in the chromatogram ensured the 
polymerisation synthesis. If an additional narrower peak was apparent the 
existence of homopolymers or very low or high molecular weight polymers 
within the copolymers could be determined. 
 
Table 4.1.3 Yields, molecular weight and polydispersity obtained from 
(MMA/MOAB) copolymers using different solvents 
Names of 
poly(MMA/MOAB) 
CV2.1 CV2.2 CV2.3 
Solvents THF DMF DMSO 
Yield 71% 76% 71% 
Mw 77,190 65,785 114,096 
Mn 49,275 36,846 69,217 
PD 1.56 1.78 1.64 
Units/chain 457 342 642 
 
It is apparent that the solvents were also affecting the Mw of these copolymers. 
The highest polymer molecular weight was obtained with DMSO, a highly polar 
aprotic solvent. THF and DMF were responsible for a lower but quite 
satisfactory weight average molecular mass. The Mw of the CV2.1, CV2.2 and 
CV2.3 copolymers were found to be 49,275 g/mol, 36,846 g/mol and 69,217 
g/mol respectively. Their molecular weight distributions (Mw/Mn) ranged between 
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1.56 and 1.78. From these results it was found that each CV2.1, CV2.2 and 
CV2.3 polymer chains consisted of 457, 342 and 642 total monomer units of 
which approximately 22, 17 and 32 will be the 4-methacryloyloxyazobenzene 
units. 
 
Table 4.1.4 Molecular weight data of polymers with various azobenzene loadings 
Names AB 
(%mol) 
Mw (g/mol) Units/chain 
PMMA 0 43,000  434 
10%P(MMA/MOAB) 10 78,000  677 
20%P(MMA/MOAB) 20 87,000  664 
30%P(MMA/MOAB) 30 57,000 379 
45%P(MMA/MOAB) 45 63,000 356 
65%P(MMA/MOAB) 65 42,000 200 
80%P(MMA/MOAB) 80 44,000  186 
PMOAB 100 77,000  306 
 
The azobenzene loadings between 0-100% weight-average molecular mass 
and the number of units per chain of the (MMA/MOAB) polymers are presented 
in Table 4.1.4. Similarly to the CV2.1, CV2.2 and CV2.3 polymers, the presence 
of only one peak in the GPC chromatogram reassured the success of 
polymerisation reaction and product’s purity. As it can be seen from the table 
there is not any apparent trend related to the azobenzene loading and the 
average molecular weights of the polymers. This was not a surprise since each 
polymer was synthesised via free radical polymerisation where there is no 
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control over chain growth or termination reaction. Different polymerisation 
routes like RAFT for instance would produce polymers with controlled Mw.
28 
From these findings it was estimated that azobenzene units in 0% (PMMA), 
10%, 20%, 30%, 45%, 65%, 80% and 100% (PMOAB) polymer were about 0, 
67, 132, 113, 160, 130, 148 and 306 respectively. 
 
4.1.2.3 FTIR analysis 
Furthermore, after the 1H NMR and GPC analysis, the characterisation of the 
monomers and copolymers by Infrared spectroscopy proved the existence of 
bonds of the methyl methacrylate and 4-methacryloyloxyazobenzene. The 
results of the wave numbers corresponding to characteristic linkages are 
presented in Table 4.1.5 and Table 4.1.6. They suggest that monomers are 
joined together to form copolymer and they are in agreement with literature.32 
 
Table 4.1.5 Transmittance frequencies by Infrared spectrometry of PMMA 
Bond Compound Type Wave number (cm-1) 
C-H Alkanes 2844 
C=O carboxyl  1745 
C=C aromatic rings 1490 
C-O ether 1060-1113 
 
4-GOAB and 4,4´-DGOAB were analysed by FTIR spectroscopy as well. 
Specific fingerprint regions corresponding to characteristic linkages verified the 
existence of bonds of the azobenzene epoxy monomers and are presented in 
Table 4.1.7. These results and those of 1H NMR, in section 4.1.2.1, support that 
the examined products are pure 4-glycidyloxyazobenzene and 4,4´-
diglycidyloxyazobenzene.32 
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Table 4.1.6 Transmittance frequencies by Infrared spectrometry of 4-MOAB, 4,4´-
DMOAB, P(MMA/MOAB) and PMOAB 
Bond Compound Type Wave number (cm-1) 
C-H aromatic rings 2952-2999 
alkanes 2844 
C=O carboxyl  1745 
C=C aromatic rings 1490 
N=N diazo- 1595 
C-N amine 1148-1275 
C-O ether 1060-1113 
 
Table 4.1.7 Transmittance frequencies by Infrared spectrometry of 4-GOAB and 
4,4´-DGOAB 
Bond Compound Type Wave number (cm-1) 
C-H aromatic rings 3053 
alkanes 2927 
C=C aromatic rings 1500, 1600 
N=N diazo- 1581 
C-N amine 1224-1256 
C-O ether 1070-1144 
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The disadvantage of this technique was that transcis isomerisation could not 
be identified. Isomerisation occurs after rotation or inversion of the -N=N- bond 
(1581 cm-1) which belongs to the fingerprints region and the changes of the 
azobenzene materials after exposure to UV light were not apparent and neither 
could be quantified.151 
 
4.1.2.4 UV/Vis spectroscopic studies 
UV/Vis studies were performed for demonstrating the photoresponsive 
behaviour of azobenzene monomers and polymers in solid (thin films) and liquid 
(solutions) phases. 
 
4.1.2.4.1 UV/Vis spectroscopy of the 4-GOAB monomer and cured (4-
GOAB/DETA) system 
The photo-isomerisation and the reversible reaction of 4-GOAB monomer in 
DMSO studied by UV/Vis are shown in Figure 4.1.7 and Figure 4.1.8. 15 mg of 
4-GOAB were dissolved in 25 ml DMSO and used as stock solutions. The 
sample solutions were diluted further in order to achieve smooth and clear 
absorbance bands without noise and cutting off the peak. The required 
concentration of the solutions used for carrying out the UV/Vis spectroscopy 
measurements was 10-3 M in DMSO. 
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Figure 4.1.7 UV/Vis absorption spectrum of 4-GOAB monomer in dmso solution 
before after 3 sec of UV irradiation 
 
In Figure 4.1.7 the UV/Vis absorbance spectra of the azobenzene monomer in 
DMSO against irradiation time is illustrated. The non-irradiated solution 
exhibited two absorption bands at 378 nm attributed to the trans azobenzene 
molecules with ππ* energy level and at 440 nm due to its forbidden cis 
geometric isomers with nπ* transition. Upon UV irradiation (320-390 nm) for 1 
sec, the peak at 378 nm decreased and finally disappeared at 3 sec, 
demonstrating that all the trans isomers were converted to their cis 
conformation. Similarly the intensity of the absorbance peak at 440 nm, 
corresponding to the cis configuration, increased. The levels of increase and 
decrease are not proportional because of the forbidden nπ* transition. 
The reversible photoisomerisation was examined by visible light irradiation and 
is shown in Figure 4.1.8. The already trans-azobenzene isomers from the dark 
of the 4-GOAB monomer at the beginning indicated an intense broad peak at 
375 nm. The absorbance band at 440 nm for the cis isomers was hardly 
apparent. Upon 5 sec of visible light irradiation for the thorough transformation 
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of the azobenzene molecules to their trans geometrical structure the only 
noticeable change was a further decrease at the 440 nm peak. Immediately 
after 5 sec of UV irradiation the trans absorbance band of the 4-GOAB 
decreased dramatically while the intensity of the band corresponding to the cis 
isomers indicated a significant hyperchromic shift. The sample solutions were 
then exposed to visible light and within 2 sec, the magnitude of the two 
characteristic bands changed reversibly and completely due to the 
photoisomerisation. 
 
 
Figure 4.1.8 UV/Vis absorption spectrum of 4-GOAB monomer in DMSO solution 
before after 2 sec of visible light 
 
The graph plotted in Figure 4.1.9 demonstrates the percentage of the cis 4-
GOAB monomers against the UV irradiation time. It is obvious that the 
isomerisation process of these monomers is very fast in solution. Upon 1 sec of 
UV light irradiation the cis isomers from 0 value were increased to 96% and 
after 2 sec they reached 99%. The required UV irradiation time for the 
accomplishment of photoisomerisation was demonstrated to be 3 sec. 
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Figure 4.1.9 Reversible isomerisation 
of GOAB monomer in DMSO solution 
after different treatments against time 
 
   
 
Additionally the reversible transformation reaction was examined in three 
different ways against time, by placing them in the dark, by heating them up and 
by irradiating them with visible light. The required time for complete 
isomerisation after each different treatment is presented in Figure 4.1.10. The 
DMSO solution samples of 4-GOAB monomers went back to their trans form 
after keeping them in the dark for 4 days. By heating them at 50°C the 
reversible isomerisation was accomplished after 8 hrs. Finally, only 2 sec of 
visible light were sufficient for the reversible conversion of the trans azobenzene 
monomers. These findings were expected as storage in the dark is considered 
as thermal relaxation and heat is a well-known stimulus for triggering the 
cistrans isomerisation in azobenzene molecules.67, 68 
The isomerisation of the cured system was investigated by UV/Vis spectroscopy 
in order to compare the required time to interconvert cis and trans isomers of 
monomer (4-GOAB) and cured systems. Figure 4.1.11 shows the UV/Vis 
spectra of the cured system (4-GOAB/DETA) in DMSO solution against the UV 
Figure 4.1.10 Isomerisation of GOAB 
monomer in DMSO solution after 
exposure to UV light 
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irradiation time. It can be observed from the graph that the absorbance band at 
350 nm for trans isomer (π−π*) decreased gradually with irradiation time and 
after 5 sec the decrease slowed down. Further irradiation spectrum for 20 sec 
showed complete conversion of trans isomer to the cis form. This can also be 
confirmed by the increase in the second absorption band at 440 nm 
corresponding to the forbidden −π* electronic transition. 
 
  
Figure 4.1.11 UV/Vis absorption spectra of 4-GOAB/DETA in DMSO solution 
before and after 20 sec of UV irradiation 
 
Absorption spectra of the cured cis 4-GOAB/DETA by irradiation with visible 
light are illustrated in Figure 4.1.12. Almost 91% of the cis isomers reverted 
back to the trans form within 1 sec as evidenced by the drastic increase of the 
absorption peak at 440 nm. After 2 and 3 sec of irradiation with visible light, 
98% and 99% of the cis form was converted to trans isomer respectively. It took 
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about 4 sec for the cured system to completely transfer to its trans form by 
visible irradiation. The results suggest that the isomerisation of azobenzene can 
be triggered by UV light even it is in the cross-linked form. However, the 
conformational change from transcis isomer in the cured system was three 
times slower than that in the 4-GOAB monomer. Moreover, the cured 4-
GOAB/DETA system reverted to the trans form by visible irradiation two times 
slower when compared to its monomeric counterpart (4-GOAB). The differences 
in the isomerisation times between the monomer and cured system were 
expected due to the formation of new bonds between amine and epoxide. The 
new bonds restricted the movement of the azo-molecules, since the 
isomerisation occurs by rotation or inversion between the two nitrogen atoms. 
 
  
Figure 4.1.12 UV/Vis absorption spectrum of 4-GOAB/DETA in DMSO solution 
irradiated with UV and visible light 
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4.1.2.4.2 UV/Vis spectroscopy of azobenzene methacrylic polymers 
All the (MMA/MOAB) polymer films with various azobenzene loadings (0-100 
mol%) were analysed by UV/Vis spectroscopy during in-situ light irradiation. 
Figure 4.1.13 and Figure 4.1.14 show the reversible photoisomerisation of 
azobenzene in the polymer films as a function of irradiation time. It should be 
mentioned that the UV/Vis spectra for all the polymers exhibited the same trend 
with irradiation time, but here the spectra of a copolymer containing 20 mol% 
azobenzene is presented. 
Figure 4.1.13 clearly shows two absorption bands at 318 nm and 440 nm which 
correspond to the trans isomers for π−π* electronic excitation and cis isomers 
for forbidden n−π* excitation respectively. The intensity of the absorption band 
at 318 nm decreased noticeably after UV irradiation, while the intensity at 440 
nm increased. This increase is much clearer in the enlarged view as shown in 
the insert (Figure 4.1.13). Nevertheless, this band was not utilised for 
quantitative analysis of the isomers due to smaller changes in the absorption 
intensity of the forbidden n−π* transition for cis isomers. Hence the changes in 
the absorption band at 318 nm were used to calculate the amount of 
isomerisation. It was found that after 6 min of UV irradiation the absorption peak 
at 318 nm decreased by 59%. 
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Figure 4.1.13 UV/Vis spectra of 20% P(MMA/MOAB) film during UV irradiation. 
 
 
Figure 4.1.14 UV/Vis spectra of 20% P(MMA/MOAB) during Visible irradiation. 
The UV/Vis spectra in Figure 4.1.14 demonstrated a typical absorption graph of 
the reversible cistrans conversion upon exposure of the films to visible light. 
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The initial, first spectrum was collected immediately after UV irradiation (6 min) 
to make sure that all the azobenzene was in cis isomeric form. After visible 
irradiation the peak at 318 nm gradually increased, whilst the peak at 440 nm 
decreased (enlarged view, Figure 4.1.14), indicating an increase in the trans 
azobenzene isomers. Subsequent irradiation of the film with visible light showed 
a complete recovery to the cis form within 30 sec. 
 
 
Figure 4.1.15 Transcis conversion in P(MMA/MOAB) films vs. UV irradiation 
time 
 
Figure 4.1.15 indicates the conversion rates of reversible transcis 
isomerisation as a function of UV irradiation time for the polymers with different 
azobenzene loadings. The rates of transcis isomerisation increased almost 
linearly up to 80 sec of irradiation but above this time the conversion rates 
showed plateau behaviour. Maximum irradiation time for the completion of the 
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transcis isomerisation in the polymer thin films was found to be 7 min. The 
transcis conversion increased with decreasing azobenzene loading (Figure 
4.1.15). Note that 100% conversion of trans isomers to their cis counterparts 
was not possible to achieve and above 65 mol % azobenzene loading the trans 
to cis conversion was found to be less than 33%. This phenomenon could be 
explained in terms of freedom of rotation of azobenzene chromophores in the 
polymer. The distance between the neighboring chromophores decreases with 
increasing azobenzene loadings in the polymer chains, thus restricting their 
rotations for cis isomerisation to occur. Another possibility may be the reversion 
of the cistrans isomers immediately after irradiation was ceased. 
 
4.1.2.5 Thermal properties of acrylic azobenzene polymers 
Heating-cooling-heating experiments were performed at a rate of 10°C/min, for 
each sample from 25 to 200°C. Figure 4.1.16 shows the DSC traces of three 
cycles for P(MMA/MOAB) prepared from THF, DMF and DMSO. Generally the 
Tg range of PMMA is considered to be around 100°C. Thus higher Tg in azo-
copolymers is expected due to the presence of bulky aromatic rings in the side 
azobenzene.43 
The heating cycles of the copolymers, synthesised from THF are illustrated in 
Figure 4.1.16.a. The first curve showed a considerably lower Tg at ~113°C with 
respect to the other scans. The DSC of the 2nd and 3rd heating cycles of the 
azobenzene copolymer CV2.1 (synthesised in THF) indicated a Tg of about 
126°C. Some irregular features before the broad exothermic peaks can be 
noticed in these three traces, confirming the presence of residual THF or H2O, 
which was observed in NMR in section 4.1.2.1. This increase of Tg at the 2
nd 
and 3rd scans might be the case that the THF evaporated during the 1st cycle. 
The presence of THF in the 1st cycle favoured the polymer chain to relax easily. 
The DSC heating cycles in Figure 4.1.16.b present the glass transition 
temperature of the azo-copolymer CV2.2 synthesised in DMF. The Tg appeared 
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to be at around 110°C. During all the heating cycles the temperature was 
observed at the same level and without major differences. This stable behaviour 
could be attributed to the strong hydrogen bonding in PMMA chains assigned to 
the DMF solvent which reduced the evaporation rate of DMF and thus it 
contributed to the polymer softening. 
 
Figure 4.1.16 DSC thermal traces, in three consequent heating-cooling cycles, of 
copolymers (MMA/MOAB) synthesised from three different solvents (a) 
CV2.1/tetrahydrofuran, (b) CV2.2/dimethylformamide and (c) CV2.3/dimethyl 
sulfoxide 
 
Likewise the thermal analysis of the azo-copolymers prepared from DMSO is 
presented in Figure 4.1.16.c with a range of Tg= 106-110°C. The first scan 
exhibited a lower Tg of 106°C comparing to the CV2.2. Between the second and 
third heating scans the Tg rose from 108 to 110°C, demonstrating that during 
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the two subsequent heating cycles the polymer chains were organised in a 
more ordered form. 
 
Table 4.1.8 Glass transition temperature, weight average molecular weight and 
number of units per chain of polymers with various azobenzene loadings 
Names AB (% mol) Tg (°C) Mw (g/mol) Units/chain 
PMMA 0 113.5 ± 0.7 43,000  434 
10%P(MMA/MOAB) 10 128.4 ± 0.3 78,000  677 
20%P(MMA/MOAB) 20 130.5 ± 0.2 87,000  664 
30%P(MMA/MOAB) 30 133.4 ± 0.3 57,000 379 
45%P(MMA/MOAB) 45 131.3 ± 0.4 63,000 356 
65%P(MMA/MOAB) 65 126.2 ± 1.1 42,000 200 
80%P(MMA/MOAB) 80 121.0 ± 1.2 44,000  186 
PMOAB 100 149.1 ± 1.0 77,000  306 
 
In Table 4.1.8 all the molecular characterisation data (Tg, Mw, units/chain) of the 
(MMA/MOAB) polymers with various azobenzene loadings of 0-100% are 
presented. The presence of only one Tg and the absence of any metling point at 
the thermograms confirmed the completion of the polymerisation and product’s 
purity. As it can be seen from the table there is no apparent trend relating to the 
glass transition temperatures and the average molecular weights of the 
polymers. After plotting the Tg values of the polymers versus their corresponding 
azobenzene loadings a correlation was identified, as seen in Figure 4.1.17. The 
polymers’ Tg appeared to increase with the azobenzene content upto 30% 
loading where it reached a maximum temperature of Tg= 133°C. Then it started 
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to decrease with the azobenzene content until 80% loading. The homopolymer 
PMOAB with 100% azobenzene loading did not follow this pattern. It appeared 
to have the highest Tg= 149°C. This behavior could be attributed to the different 
polymer chains rearrangement and/or due to different solvent loss in each 
polymer. Isotactic rearrangement of polymers corresponds to higher Tg values 
compare to atactic or syndiotactic polymers.152 The polymers in this study did 
not have any controlled chain rearrangement because they were synthesised 
via free radical polymerization. Additionally, these results demonstrated also 
that in this class of materials the Tg and Mw are not related. 
 
 
Figure 4.1.17 Influence of azobenzene loading on the thermal properties of 
acrylic copolymers 
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4.1.2.6  Photoviscosity effect 
Viscosity measurements of the CV2.1 poly(MMA/MOAB) in DMSO solutions 
were recorded using a modified cone and plate rheometer as described in 
previous section 3.1.2.8. In situ UV irradiated viscosity data in a temperature 
controlled atmosphere were collected. The viscosities of DMSO and of PMMA 
solution were tested before and after UV irradiation but no changes were 
observed. 
 
 
Figure 4.1.18 Viscosity vs. time of CV2.1 azobenzene copolymer in 15 mg/ml 
DMSO solution (10 min in the dark, 14 min exposed to UV light and 10 min in the 
dark), σ=1Pa, T=25°C. 
 
A typical viscosity-time graph for the azobenzene copolymer solution is depicted 
in Figure 4.1.18. A short time of 5-10 min was required at the beginning of the 
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experiments for the system to achieve a stable rotation. The viscosity did not 
decrease even though the solutions were under continuous shear. By irradiating 
the solutions with UV light the viscosity appeared to decrease dramatically by 
6.5% within a couple of minutes. The apparent changes revealed the 
completion of photoisomerisation that occurred during that short period of time 
and were also confirmed by UV/Vis spectroscopic studies in the previous 
section 4.1.2.4. After 14 min of exposure time the solution managed to reach a 
minimum level of viscosity. When the solution stopped being irradiated, the 
viscosity data continued to be collected until a steady level was reached. The 
viscosity increased gradually almost by 3% due to the rearrangement of the 
azopolymer chains caused by the UV-induced isomerisation. Therefore, the net 
photoviscosity decrease of the poly(MMA/MOAB) solutions with 3.2% 
azobenzene loading came at 5%. 
 
 
Figure 4.1.19 Viscosity decrease vs. azobenzene loading 
 
Since the experiments were performed in a temperature controlled environment 
no significant heating effect was there. Therefore the photoinduced changes in 
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viscosity were attributed clearly to the transcis isomerisation by UV light 
which is already examined and reported in previous studies by capillary type 
rheometer.60, 65, 69 Furthermore the noticeable changes were influenced by the 
amount of the azobenzene loading in the polymeric side chains. This behaviour 
was found to be in accordance with previous investigations in MMA/MOAB 
copolymers.19 The graph in Figure 4.1.19 presents the positive and linear 
correlation between % decrease of viscosity and the % mol of the azo-
molecules. The photoviscosity effect appears higher by increasing the 
azobenzene mol% within the loadings studied in this programme. 
 
Table 4.1.9 Comparison of photoviscosity data of azobenzene copolymers, 15 
mg/ml concentration in DMSO with respect to their Mw, after 10 min UV 
irradiation 
Polymer AB 
loading 
(mol %) 
decrease 
% 
 increase 
% 
w PD 
CV2.1 3.2 7.03 2.71 77,190 1.56 
CV2.2 3.7 11.09 0.29 65,785 1.78 
CV2.3 3.8 11.87 1.04 114,096 1.64 
 
From the viscosity measurements that were conducted, the decrease of 
viscosity upon UV irradiation and its increase after pausing the UV irradiation 
were calculated. The results of the three different copolymers dissolved in 
DMSO are shown in the Table 4.1.9. The overall decrease of the photoviscosity 
(after the UV light was switched off) was found to be 10.8% for the CV2.2 and 
CV2.3 and 5% approximately for the CV2.1. The concentration of azobenzene 
affected the changes as discussed above. On the other hand, the weight 
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average molecular mass did not show any influence on the viscosity decrease 
of the copolymers. 
 
 
 
The viscosities of CV2.1, CV2.2 and CV2.3 samples were further investigated in 
-butyrolactone (BTLC) in order to explore the photoviscosity effect in a different 
solvent. This solvent was selected due to its non-volatile character and tested 
before and after UV irradiation without any observed viscosity change. In Figure 
4.1.22 the rheological results from the MMA/MOAB copolymer solutions in 
BTLC with 15 mg/ml concentration are demonstrated. Upon UV irradiation a 
significant 2% decrease in viscosity was observed. The total recovery of the 
viscosity after a pause of the UV light irradiation indicated that this solvent may 
not be suitable for photoviscosity measurements. 
 
 
Figure 4.1.20 Solutions of CV2.1, CV2.2 and CV2.3 in 15mg/ml -BTLC solution after 5 
min UV irradiation 
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4.1.2.7  Nanoindentation measurements 
4.1.2.7.1 Effect of azobenzene loading on acrylic polymer’s hardness and 
stiffness 
Initial experiments for the investigation of photoinduced changes in stiffness 
were conducted on a P(MMA/MOAB) film with 3.5 mol% azobenzene loading. 
Figure 4.1.24 illustrates a representative load-depth curve of an azobenzene 
copolymer film that was examined by nanoindentation. The initial (red color) 
curve corresponds to a film before irradiation. After 10 min of exposure to UV 
light the load-depth curve (blue) shifted to the left indicating an increase in the 
material’s hardness. It should also be noted that the elastic modulus of the film 
increased significantly upon UV irradiation. 
 The increase of the Vickers Hardness and of the elastic modulus is plotted in 
Figure 4.1.23. It can be observed that the hardness of the polymeric film with 
3.5% azobenzene loading increased by 29% upon 10 min of UV irradiation. 
Previous studies explored the changes in hardness in SRG azobenzene films 
with homopolymers (100 mol% azobenzene) and found a 20% increase.153  
The larger increase was probably due to higher azobenzene loading. 
Furthermore the overall stiffness of the film achieved a noticeable increase by 
about 5%, from 3.84 GPa to 4.04 GPa. Nanoindentation studies of 4-
methacryloyloxyazobenzene/ methylmethacrylate copolymer films showed a 
10% increase in stiffness corresponding to 6 mol% azobenzene concentration 
which is in good agreement with the obtained data.35 
In order to determine the elastic modulus and its changes upon exposure to UV 
and visible light a series of nanoindentation tests (6-10 measurements for each 
sample) were performed. The effect of azobenzene loading on the polymeric 
films of PMMA and the copolymers of methymethacrylate and 
methacryloyloxyazobenzene with 10%, 20%, 30%, 45%, 65%, 80% 
azobenzene loadings was evaluated under identical conditions. Polymer films 
with more than 65% azobenzene loading were too brittle to be suitable for 
nanoindentation experiments. The brittleness of the polymers with high 
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azobenzene loadings is thought to reflect their liquid-crystalline behaviour. 36, 41, 
52 
 
Typical nanoindentation curves of the 30% P(MMA/MOAB) film are shown in 
Figure 4.1.23 before and after UV irradiation. After 1 hr of exposure to UV light 
the loading curve remains almost unchanged, indicating no significant change 
to the hardness of the film. Contrariwise, the dP/dh slope of the curve, upon 
unloading, changed significantly after irradiation justifying the increase in 
stiffness.153 
The films in this investigation were kept in the dark for a week in order to ensure 
that all the cis isomers, formed during material processing and handling under 
ambient light, were reverted to their trans form. The nanoindentation 
experiments were carried out on the virgin films and after irradiation with UV 
light for 1 hr. In order to exclude the photoinduced heating effect the irradiated 
Figure 4.1.22 Loading and unloading vs. 
indentation depth in P(MMA/MOAB) film 
before and after 10 min UV irradiation 
Figure 4.1.21 Increase in hardness 
(Vickers) and in elastic modulus (GPa) 
after 10 min of UV exposure 
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films were allowed to cool for 2 hrs, in the dark, to allow the films to reach room 
temperature before being subjected to the nanoindentation experiments. 
 
 
Figure 4.1.23 Characteristic loading-pause-unloading vs. depth curve of 30% 
P(MMA/MOAB) film before and after 1 h UV irradiation. The black line 
corresponds to the non-irradiated azobenzene film and the orange line to the 
irradiated film. 
After the tests the films were left in the dark for 16 hrs and a third round of 
nanoindentation tests was performed to observe the recovery of the cis isomers 
to their trans form. Finally, the films were exposed to visible light for 30 min to 
allow a total conversion of the cis isomers to their trans form. Table 4.1.10 
enlists the nanoindentation measurements of all the films with different 
azobenzene loading including their increase after UV and visible irradiation. The 
results are demonstrated better in the following Figure 4.1.25 and discussed in 
details. 
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Table 4.1.10 Stiffness measurements from nanoindentation testing of solid films 
with various azobenzene loading 
Names 10%P(MMA
/MOAB) 
15%P(MMA
/MOAB) 
20%P(MMA
/MOAB) 
30%P(MMA
/MOAB) 
45%P(MMA/
MOAB) 
65%P(MMA
/MOAB) 
Initial stiffness 
(GPa) 
3.60 ± 0.07 3.65 ± 0.06 3.71 ± 0.07 3.16 ± 0.08 3.52 ± 0.15 3.72 ± 0.02 
Stiffness after 1 h 
UV irradiation 
(GPa) 
3.67 ± 0.13 3.87 ± 0.10 4.09 ± 0.03 3.78 ± 0.05 3.84 ± 0.14 4.03 ± 0.05 
Stiffness after 
storange in the 
dark (GPa) 
3.79 ± 0.09 3.67 ± 0.09 3.85 ± 0.06 3.38 ± 0.06 3.72 ± 0.06 3.91 ± 0.06 
Stiffness after 30 
min visible 
irradiation (GPa) 
3.52 ± 0.09 3.63 ± 0.14 3.86 ± 0.05 3.53 ± 0.07 3.95 ± 0.07 3.93 ± 0.05 
Increase in 
stiffness after UV 
irradiation 
2% 5% 10% 19% 9% 6% 
Increase in 
stiffness after 
visible irradiation 
- - 4% 12% 11% 8% 
 
Figure 4.1.24 shows how the elastic modulus of P(MMA/MOAB) film containing 
30% azobenzene varies under exposure to different stimuli. Upon irradiating 
with UV light for 1 hr, the elastic modulus showed a significant increase. Upon 
storage in the dark the modulus decreased and after visible irradiation it 
reached a final value higher than the initial one. The observed changes of 
modulus were expected to occur due to the photoisomerisation of azobenzene 
chromophores in the polymer and are in agreement with the literature.35 When 
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the polymers were irradiated with UV light, the trans isomers transformed to 
their cis  forms with an associated reorganization of the polymer chain,153 
resulting in an increase in the elastic modulus. When the azobenzene 
chromophores reverted back to the trans form, the film became slightly softer as 
a result of a density decrease and reorganisation of the polymer chains. It is 
apparent that the modulus did not reach the initial value presumably because of 
 
 
Figure 4.1.24 Typical graph of stiffness vs. time of 30% P(MMA/MOAB) film 
the incomplete rearrangement of the polymeric chains in the solid film, although 
complete cistrans isomerisation was achieved. 
 
Figure 4.1.25 presents the percentage increase in stiffness of the MMA/MOAB 
copolymer films compare to their initial unirradiated values within the specific 
azobenzene loadings. It is clearly shown that the photo-driven stiffness is 
RESULTS AND DISCUSSION 
148 
 
influenced by the amount of chromophores in the polymers. Following UV 
irradiation for 1 hr, the elastic modulus increased linearly up to 30 mol% 
azobenzene loading, reaching a maximum value of 19%. Above 30 mol% 
loading the stiffness changes started to decrease and reached a low value for 
65 mol% loading. This suggests that maximum stiffness increase can only be 
achieved with 30 mol% azobenzene loading. A previous study demonstrated a 
maximum of 10% increase of stiffness with 10 mol% azobenzene loading.35 The 
authors did not investigate the effect using higher azobenzene loading and they 
attributed the mechanical changes to the photoisomerisation of the azobenzene 
chromophores. 
 
Figure 4.1.25 Photo-stiffness after UV (filled symbol) and a cycle of UV, dark and 
visible light (unfilled symbol) at various chromophore loadings 
 
Variation of increase in stiffness after a further 30 min of visible irradiation of the 
films that were previously irradiated with UV light for 1 hr and stored in the dark 
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for 18 hrs, are shown in Figure 4.1.25. Theoretically the samples irradiated with 
visible light should have the same stiffness values as the virgin (non-irradiated) 
films. Nevertheless it was observed that the azobenzene molecules in their 
trans isomeric form enhanced the initial values (non-irradiated). The increase in 
elastic modulus after visible irradiation followed a trend similar to the one after 
UV irradiation. As seen in the graph in Figure 4.1.25, the elastic modulus 
increased linearly up to 30 mol% azobenzene loading, achieving the highest 
value of 12%. The polymers without azobenzene did not exhibit any significant 
stiffness changes after visible irradiation. The films containing 10 mol% 
azobenzene demonstrated a 3% decrease in elastic modulus compare to the 
virgin films. This decrease could be due to exposure of the virgin films to room 
light which would lead to the coexistence of both trans and cis azobenzene 
isomers into the polymeric matrix. Polymers containing 15 mol% azobenzene 
loading recovered completely (0% increase in stiffness). Presumably this (15 
mol%) chromophore amount is the limit that can induce reversible changes to 
the whole polymeric matrix after exposure to UV and visible irradiation 
respectively. The polymers with azobenzene loadings above 30 mol% 
demonstrated higher stiffness values after visible irradiation (trans azobenzene) 
than the non-irradiated polymers but lower values than after UV irradiation (cis 
azobenzene). The results suggest that the concentration of the azobenzene 
chromophores in a polymer matrix plays a major role in the modulus changes. 
The photoinduced changes in elastic modulus are attributed to the intra-
molecular conformational changes of the azo-polymers due to the reversible 
trans to cis photoisomerisation, which is confirmed in the section below. After 30 
min of visible irradiation, all the polymers consisted only of trans azobenzene 
isomers. Complete recovery of the elastic modulus was not achieved by visible 
light although reversible isomerisation was completed possibly due to the fact 
that UV-induced isomerisation forced the polymer chains to be coiled up but 
they could not be reorganised to their relaxed state in solid film within the 
experimental time available.154 
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The trans isomers are changing their structure due to UV irradiation to cis form 
with associated reorganisation of the polymeric chains. Moreover the 
azobenzene units of the polymeric films may form cross-linkings upon UV 
irradiation and thus could explain the increase in stiffness and in hardness.153 
PMMA films do not indicate any increase upon UV irradiation.35, 153 Therefore 
the effect is believed to be caused purely by isomerisation of azobenzene. 
Finally it should be noted that no heating effect was involved in the changes. 
During the UV exposure it is expected a temperature rise which could induce 
softening of the films by lowering the stiffness and the hardness.69 However 
these results are opposite to that because the samples were left for 1 to 2 hrs to 
cool down to room temperature and then were tested. Another factor that 
should be considered in addition to these results is that each polymer has 
different chain length and Tg as presented in sections 4.1.2.2 and 4.1.2.5. 
These properties might affect the polymer’s stiffness regardless the 
azobenzene loading. 
 
4.1.2.7.2 Nanoindentation analysis of the azobenzene epoxy resins 
After ensuring that the azobenzene molecules were capable of reversible 
isomerisation within a polymeric network in solid phase, induced by light, the 
following step was to characterise the epoxy-based polymer matrix that the 
composites were consisted of. The azobenzene resins’ mechanical properties 
and their ability to recover back to their initial shape after the creation of indents 
were investigated. The nanoindentation tests were performed to pristine and 
subsequently UV irradiated azobenzene films with 0%, 5% and 10% loading. 
The results are tabulated in Table 4.1.11, showing not-significant change on the 
elastic modulus (stiffness) and an apparent softening after UV irradiation of the 
epoxy resin films. The hardness of the 5% and 10% azobenzene films 
decreased by 23-26%, an effect that is in agreement with the literature because 
of the light-induced free volume formation due to photoisomerisation.16, 155 
 
RESULTS AND DISCUSSION 
151 
 
Table 4.1.11 Hardness data from nanoindentation of azobenzene films before and 
after UV irradiation 
 Stiffness (GPa) Hardness (MPa.) 
Initial reference film (0% 
AB) 
3.87 ± 0.19 278.55 ± 96.54 
UV irradiated reference 
film (0% AB) 
3.84 ± 0.14 281.42 ± 82.89 
Initial 5% AB/ epoxy 
resin film 
3.71 ± 0.06 273.91 ± 56.42 
UV irradiated 5% AB/ 
epoxy resin film 
3.66 ± 0.12 202.17 ± 36.53 
Initial 10% AB/ epoxy 
resin film 
3.73 ± 0.11 255.62 ± 31.45 
UV irradiated 10% AB/ 
epoxy resin film 
3.75 ± 0.10 188.67 ± 19.77 
 
The most appealing photoinduced changes that were produced during 
nanoindentation experiments were the physical. After penetrating the 
specimens by the indenter, images were captured before and after UV 
irradiation. Figure 4.1.26 illustrates the indents of the reference sample before 
and after irradiation with UV light. The reference sample was an epoxy resin film 
that did not contain any azobenzene molecules. No differences were apparent 
after the UV treatment. The indents on the two images were very similar to each 
other. 
Remarkably, in Figure 4.1.27 three indentation marks are presented that were 
generated on the epoxy resin film containing 10% azobenzene before and after 
UV irradiation. Unlike the reference film, the highlighted indents of the 
azobenzene film showed a physical change after the film was exposed to UV 
light. 
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Figure 4.1.26 Images of indentation marks of an epoxy resin film a) before and b) 
after UV irradiation with their enlarged views. 
 
All the three indents appear to have disappeared and only the triangle outline 
was slightly apparent. This effect is assumed to occur due to the trans→cis 
photoisomerisation of the azobenzene molecules. The latter could initiate an 
additional motion of the polymeric chains and pull them together to recover to a 
more relaxed state after the stress that was produced after the indentation. The 
interactions of azobenzene molecules in a polymeric system for assisting the 
achievement of a complete healing effect have been previously reported.24, 76 
The healing mechanism occurred after UV light irradiation that induced a 
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transition from a heterogeneous (gel.) to a homogeneous (sol) state of silicon-
based composites with doped azobenzene molecules (5-10 mol%). The 
microparticle/liquid crystal gels were reconstructed in the homogeneous (fluidic) 
sol state. 
 
 
Figure 4.1.27 Images of indentation marks of an azobenzene-based epoxy film a) 
before and b) after UV irradiation with their enlarged views. 
 
In order to exclude the possible recovery of the azobenzene films by thermal 
effect, the cured films with and without azobenzene content were analysed by 
DSC. It was found that their Tg is quite similar, 81°C (reference) and 83°C 
(azobenzene epoxy). The UV light exposure with a 1000 mW/cm2 intensity was 
not capable of producing these temperature values during the specific period (1 
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hr) of irradiation time. Therefore it was assumed that the free polymer chains 
between the crosslinks gained higher mobility due to the trans→cis 
isomerisation of the azobenzene, triggered by the light. 
These studies demonstrated that UV light can also induce physical shape 
changes when a polymeric film contains azobenzene.18, 156 
 
4.1.2.8 Healing behaviour of the azobenzene thermoplastic and 
thermoset films 
After the nanoindentation experiments where healing of the indents was 
observed in cured epoxy (thermoset) films containing azobenzene after UV 
irradiation, further investigation on P(MMA/MOAB) copolymers (thermoplastics) 
was conducted. In order to observe the physical changes due to UV irradiation, 
indented images of the films of PMMA and azobenzene-based copolymers were 
captured with a conventional optical microscope. 
Figure 4.1.28 a and b show the pre- and post-irradiated indents of a 
P(MMA/MOAB) film containing 45 mol% azobenzene in the polymer side 
chains. Comparison of Figure 4.1.28 a and b confirms that the depth of the 
indent decreased when the film was subjected to 1 hr UV radiation. 
The healing of the indent could be attributed to photo-heating effect that 
softened the irradiated region leading to material movement to the voids in the 
film or the transcis isomerisation which offered a volume change in the film, 
which consequently contributing to the movement of the material in the void 
region. However, irradiation of the indented virgin film with visible light did not 
show any healing effect although visible light irradiation increased the film 
temperature more than the UV irradiation suggesting that the healing effect was 
not due to photo-thermal effect. Irradiation of the healed films with visible light 
did not revert the healed region to the indent shape although cis isomers were 
converted to the trans counterpart, signifying that the healing is not reversible. 
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Figure 4.1.28 Image of the 45% P(MMA/MOAB) film after nanoindentation before 
and after exposure to UV light a) non-irradiated and b) after 1 h UV irradiation 
with their enlarged views, 
 
Figure 4.1.29 a and b show the indents of a pre- and post-irradiated PMMA film 
with no azobenzene. No healing of the indent was observed in Figure 4.1.29 b 
when the film was irradiated with UV light for 1 hr suggesting that the healing 
behaviour in Figure 4.1.28 was not caused by the photo-thermal softening of the 
materials but instead it was the effect of photoisomerisation of azobenzene in 
the film. If this had been caused by the photo-thermal effect the indent in the 
PMMA film would also have been healed. This finding suggests that this class 
of polymers can be used as a self-healing agent for damage repair by UV light. 
Partial healing of photochromic polymer films has been reported previously but 
in softer, gel-like materials.76 
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Figure 4.1.29 Image of the PMMA film after nanoindentation before and after 
exposure to UV light a) non-irradiated and b) after 1 h UV irradiation with their 
enlarged views 
 
This experimental method was then extended to indentation conditions to obtain 
quantitative recovery data after exposing the thermosetting films containing 
azobenzene to UV light. The calculations of these ratios were established by 
AFM measurements after the creation of various penetrations at a nano- and 
micro-scale level. Some scratches on the surface of the films were applied 
using a diamond tip scriber and a pinhole was created with a common pin made 
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of steel. Initially, the reference sample was examined for ensuring that the 
physical changes were not attributed to the epoxy polymeric matrix. In Figure 
4.1.30 the 3D images of the cured epoxy resin film that does not contain any 
azobenzene molecule, before and after UV irradiation, are illustrated. Two 
scratches of 56 nm and 105 nm depth were created initially and after the UV 
treatment no significant recovery was observed. Therefore it can be confirmed 
that this epoxy system does not exhibit any shape memory or healing 
behaviour. 
The depths of the indents that were created on the films’ surfaces pre- and 
post- UV irradiation can be found in Table 4.1.12. Profiles were taken along a 
line from the indent’s deepest point through the matrix to ensure the same 
section was being examined. 
The healing ratio (HR) percentages have been also calculated using the 
Equation 4-2, where dI is the initial depth (nm) before irradiation and dUV the 
depth (nm) after 1 hr exposure to UV light. 
 
𝐻𝑅 =
(𝑑𝐼 − 𝑑𝑈𝑉) 
𝑑𝐼
 𝑥 100% 
Equation 4-2 
The 10% azobenzene-based epoxy films were analysed under the same 
conditions, but this time the penetration depths were even higher or larger than 
the ones in the reference film. Figure 4.1.31 depicts 3D images of the 
azobenzene film before and after exposure to UV light accordingly. The 
scratches with initial 948 nm and 400 nm depth heights, after 1 hr UV irradiation 
presented a smoother surface profile. Their healing ratios were found to be 55% 
(948 nm) and 68% (400 nm) respectively. Similarly, two additional scratches of 
772 nm and 132 nm depth, as shown in Figure 4.1.32, confirmed the healing 
behaviour of the azobenzene thermosets, demonstrating a 73% (772 nm) and 
72% (132 nm) healing ratio after exposure to UV light. The observed recovery 
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that the films presented can potentially be attributed to the trans→cis 
photoisomerisation of the azobenzene, as explained in the previous section 
4.1.2.7.2 (nanoindentation). 
 
 
Figure 4.1.30 3D AFM topographic images of two scratches on an epoxy resin 
film (reference sample) a) before and b) after 1 hour UV irradiation, with Z-range 
of inset images at 750 nm for comparative purposes 
 
Figure 4.1.31 3D AFM topographic images of two scratches on a 10% 
azobenzene-based epoxy resin film a) before and b) after 1 hour UV irradiation, 
with Z-range of inset images at 5 m for comparative purposes 
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Figure 4.1.32 3D AFM topographic images of two extra scratches on a 10% 
azobenzene-based epoxy resin film a) before and b) after 1 hour UV irradiation, 
with Z-range of inset images at 2.5 m for comparative purposes 
 
Figure 4.1.33 3D AFM topographic images of a pinhole on a 10% azobenzene-
based epoxy resin film a) before and b) after 1 hour UV irradiation, with Z-range 
of inset images at 4.5 m for comparative purposes 
 
A further indent of a pinhole on the azobenzene film is illustrated in Figure 
4.1.33. The initial depth that occurred at a maximum of about 2.7 mm. In this 
case, after the UV treatment the healing ratio was found to be 40%. The 
recovery effect was smaller here possibly because the damaged area was too 
large. 
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Table 4.1.12 Depths and healing ratio measurements of indents (scratches and 
pinhole) of epoxy based films 
 10% AB/ 
epoxy 
resin 
(scratch 4) 
10% AB/ 
epoxy 
resin 
(scratch 2) 
10% AB/ 
epoxy 
resin 
(scratch 3) 
10% AB/ 
epoxy 
resin 
(scratch 1) 
10% AB/ 
epoxy 
resin 
(pinhole) 
Initial depth 
(dI, nm) 
132.39 400.19 771.65 947.80 2675.01 
Depth after 
1hr UV 
irradiation 
(dUV, nm) 
37.36 127.62 208.46 430.07 1607.49 
Healing 
ratio (HR, 
%) 
72% 68% 73% 55% 40% 
 
Here for the first time, the healing ratio of an azobenzene rigid network was 
identified and quantified. Previous authors observed a gel-sol transition in 
azobenzene composite gels, after UV irradiation, which was attributed to the 
azobenzene and acted as a repairing mechanism for surface cracks.24 
 
4.1.2.9 Density measurements of azobenzene polymers 
After demonstrating the healing behaviour of azobenzene polymers it was 
necessary to investigate if the photo-induced physical changes occurred due to 
volume changes after the azobenzene isomerisation. Therefore the densities of 
all the films containing 0%, 10%, 20%, 30%, 45%, 65%, 80% and 100% 
azobenzene were measured before and after exposure to UV light. The mass 
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and density of the samples remained constant before and after UV irradiation 
(Table 4.1.13) suggesting that the films were completely dried before the 
analysis and the volume of the solid films did not change due to reversible 
isomerisation. Thus there were no volume changes after reversible transcis 
isomerisation. 
It should be noted here that other authors attribute the photo-induced changes 
to volume changes that occur after azobenzene isomerisation but none of them 
have presented any quantitative data with high-precision volume measurements 
(±0.02%) and true density calculations, such as pycnometry results.157-159 
 
Table 4.1.13 Characteristic density data of the azobenzene polymeric films 
Names Mass before 
UV light (g) 
Mass after 
UV light (g) 
Density 
before UV 
light (g/cm3) 
Density after 
UV light 
(g/cm3) 
0% PMMA 0,958 0,957 1,199 1,202 
10% P(MMA/MOAB) 0,929 0,927 1,208 1,206 
20% P(MMA/MOAB) 0,953 0,952 1,200 1,202 
30% P(MMA/MOAB) 0,946 0,944 1,194 1,191 
45% P(MMA/MOAB) 0,955 0,953 1,213 1,211 
65% P(MMA/MOAB) 1,205 1,204 1,206 1,208 
80% P(MMA/MOAB) 0,948 0,947 1,210 1,212 
100% PMOAB 0,967 0,965 1,200 1,197 
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4.1.2.10 Ultrasound wave as a stimulus for cis→trans isomerisation 
4.1.2.10.1 Ultrasound treatment of polymer thin films 
In this study the effect of sonication on the possible switching behaviour of the 
azobenzene chromophores in the solid copolymer films was investigated. 
Surampudi et al. very recently demonstrated that by exposing solutions of 
methacrylic polymers, with azobenzene in the main chain, to ultrasound waves, 
cistrans isomerisation can be induced.67 This phenomenon was attributed to a 
stretching force that causes stress on the N=N bond resulting in azobenzene 
isomerisation. Surampudi’s studies were based on spectroscopic analyses and 
any temperature rise due to ultrasound treatment was not taken into 
consideration. 
For this PhD project, the temperature effect due to ultrasound waves was taken 
into account and described here, for the isomerisation of azobenzene polymers 
in solid and liquid states. Studies on the effect of different temperatures for 
cis→trans isomerisation were conducted and enabled the identification of 
cis→trans isomerisation of azobenzene in all P(MMA/MOAB) thin films for the 
first time. 
The UV/Vis spectra of the 20 mol% P(MMA/MOAB) thin films exposed to UV or 
visible light or ultrasound waves are shown in Figure 4.1.34. Figure 4.1.34a 
presents the transcis isomerisation in the thin films exposed to UV radiation. 
The spectrum has two distinct absorption bands at 318 nm which is attributed to 
the trans isomers due to π−π* transition state, and at 440 nm corresponding to 
the cis isomers due to the forbidden n−π* transition. The absorbance band at 
318 nm sharply decreased and the weak band at 440 nm slightly increased 
after UV irradiation confirming transcis isomerisation. Complete transcis 
isomerisation was accomplished within 300 s of UV irradiation. 
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Figure 4.1.34 UV/Vis spectra of the 20%P(MMA/MOAB) film after a) UV irradiation, 
b) visible irradiation and c) exposure to ultrasound waves 
 
Figure 4.1.34b presents the cistrans isomerisation of azobenzene in the 20 
mol% P(MMA/MOAB) films exposed to visible light. The intensity of the band at 
318 nm increased noticeably after visible irradiation and the band at 440 nm 
decreased with irradiation time suggesting a reversion of cis isomers to their 
trans counterparts. Complete cistrans isomerisation of the azobenzene in the 
polymers was accomplished after 30 s of exposure to visible light. The rate of 
transcis conversion was expected to be slower than the cistrans conversion 
because: the intensity of the visible light (1000 mW/cm2) was higher than that of 
the UV (500 mW/cm2), and the trans form is thermodynamically more 
favourable (50 kJ mol-1 energy difference) than the cis form with twisted 
geometry. 
A virgin film containing 20 mol% azobenzene chromophores in the trans form 
was subjected to ultrasound in order to study the possible cistrans 
isomerisation by vibrational force. Figure 4.1.34c shows the UV/Vis spectra of 
the films exposed to ultrasound waves. The intensity of the trans peak at 318 
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nm increased with sonication time, while the intensity of the peak at 440 nm 
decreased suggesting that ultrasound induced switching of the cis azobenzene 
to the trans form in the solid films. Complete recovery of the cis isomers to the 
trans conformation in a copolymer with a 20 mol% azobenzene was achieved 
within 150 min which is significantly longer than the recovery time by visible light 
(30 s). Similar recovery behaviours were observed in all the polymer films 
containing different azobenzene loadings, and the results are shown in Figure 
4.1.35. 
 
 
Figure 4.1.35 Required exposure time (logarithmic scale) to ultrasound waves 
and visible light for cis→trans isomerisation of thin copolymer films vs. 
azobenzene loading. 
 
The graph combines the sufficient irradiation times for cis→trans conversion for 
all the polymers against their azobenzene concentration. The green triangles 
correspond to the sonication times and the visible irradiation times are 
represented by the red squares. The results suggest that in both cases the 
exposure time is independent from the azobenzene concentration of the 
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polymers. All the azobenzene copolymers were converted within 30-60 sec after 
visible irradiation while after exposure to ultrasound more time was required 
120-150 min. The cis→trans isomerization of azobenzene films by visible light 
was noticeably much faster than by sonication. This could be explained by the 
fact that sonication is used to accelerate chemical reactions and because 
isomerisation can be considered as a two-sided reaction (cis→trans, trans→cis) 
of which both may occur simultaneously during sonication.160 Since the trans 
isomer is predominant in the dark at room temperature and the energy barrier of 
the photoexcited state is ~23-50 kcal∙mol−1, the azobenzene molecules of the 
copolymers will convert to their trans form, as the more relaxed and stable 
isomeric form.70 
 
Figure 4.1.36 Cis→trans conversion (%) of 20%P(MMA/MOAB) thin films after 
exposure to heat and sonication 
While temperature does not significantly alter the quantum yield of cis→trans 
isomerisation the quantum yield of cis→trans is significantly influenced by 
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thermal treatment. Thus it is necessary to quantify the cis→trans conversion by 
ultrasound induced temperature rise and ultrasound itself. Upon ultrasound 
treatment of the polymer films, the ultrasound bath showed a temperature rise 
by about 19 ºC in 2 hrs. In order to identify how much cis→trans isomerisation 
was activated due to thermal relaxation and separate the isomerisation by 
ultrasound; experiments were repeated in a water bath at the same temperature 
windows (20-39°C) followed by periodic measurement of their UV/Vis spectra. 
The progress of the thermal and ultrasound induced isomerisation as function of 
time are presented in Figure 4.1.36. The squares correspond to films that were 
in a sonication bath and the rhombuses to the films that were heated in a water 
bath. It was observed that only 20% of the cis isomers were converted to the 
trans form by ultrasonic agitation for 2 hrs whilst an additional 36% were 
isomerised by the associated temperature rise. It is clearly seen that both 
thermal and ultrasound treatments triggered the cis→trans isomerisation with 
the exposure time. The ultrasound triggered isomerisation was much faster than 
the thermal isomerisation. This is possibly due to a combined effect of 
ultrasound and associated heating effects by the rises in temperature of the 
polymer films. After sonicating for 120 min of the azobenzene films the trans 
isomers reached 81%, while the trans isomers reached 70% upon gradual 
heating the films from 20ºC to 39ºC for 2 hrs. This finding confirms that major 
cis→trans isomerisation during ultrasound agitation is triggered by the heating 
effect and a relatively lower portion was isomerised by ultrasound wave. 
Surampudi et al. reported 100% recovery of cis isomers to their trans 
counterparts.67 The authors did not discount the possible temperature rise and 
associated cis→trans isomerisation from their findings. By discounting the 
ultrasound-induced heating effect it was confirmed that cis→trans isomerisation 
can be triggered by the treatment of ultrasound wave on solid polymer films. 
The structural changes in the copolymers after sonication were confirmed by 1H 
NMR spectroscopy. Deuterated dimethyl sulfoxide (DMSO-d6) was used as the 
solvent. Typical 1H NMR spectra of the pre- and post-treated P(MMA/MOAB) 
copolymer films are shown in Figure 4.1.37. 
RESULTS AND DISCUSSION 
167 
 
 
 
Figure 4.1.37 1H NMR spectra of the 20% P(MMA/MOAB) film a) un-treated film, b) 
10 min UV irradiated film, c) 60 min sonication and d) 120 min sonication. 
 
The spectrum of pre-treated film (Figure 4.1.37 a) showed three broad signals 
in the aromatic region. These resonance signals at 7.87–8.05 (4H) ppm, 7.48–
7.62 (3H) ppm, and 7.20–7.43 (2H) ppm correspond to the protons from 
benzene ring of the trans azobenzene pendant chain. Upon 10 min of UV 
irradiation, additional signals appeared at 6.75-7.20 ppm (green region in Figure 
4.1.37 b) while the intensity of the signals due to trans isomers decreased by 
76.33%. These new signals (green region) are attributed to the aromatic 
protons from the cis configuration of the azobenzene in the polymeric chain. 
When UV treated film with 76.33% cis isomer was exposed to ultrasound waves 
for 60 min, the intensity of the chemical shifts at 6.75-7.20 ppm (Figure 4.1.37 c) 
decreased to 51.70% suggesting cistrans isomerisation in the solid film. 
Further treatment of this film with ultrasound demonstrated a full recovery of the 
trans isomer from the cis form within 120 min as seen in Figure 4.1.37d. The 
UV/Vis and 1H NMR spectroscopic results were found to be in good agreement 
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and demonstrated clearly that ultrasound waves can trigger the cistrans 
isomerisation in methacrylic thin films containing azobenzene in the side chains. 
No volume changes of the films were noticed before or after ultrasound 
treatment. The mass and density of all the polymers was measured and both 
values remained constant after exposure to ultrasound waves, with the same 
values as tabulated in Table 4.1.13 (previous section 4.1.2.9). 
Until very recently isomerisation of azobenzene polymers was usually achieved 
by photo- and thermal-treatments. This study demonstrated that cistrans 
conversion in solid azobenzene-based P(MMA/MOAB) films can also be 
achieved by exposure to ultrasound waves. 
 
4.1.2.10.2 Ultrasound response of 4,4´-diglycidyloxyazobenzene determined by 
HPLC 
4,4´-Diglycidyloxyazobenzene (4,4´-DGOAB) is a relatively new monomer, 
which was synthesised by Rusu et al. in 2012 for the first time, and can be used 
as a difunctional epoxy crosslinking agent.161 4,4´-DGOAB contains 
azobenzene, a well-known stimuli-responsive molecule that undergoes 
reversible trans↔cis isomerisation under light irradiation at specific 
wavelengths, heat and more recently ultrasound waves irradiation was found to 
be another stimulus.67 This photoresponsive crosslinker has been selected to 
be one of the main components of the photosensitive composites and its 
response to ultrasound waves should be determined. 
From 1H NMR and UV/Vis analysis we have demonstrated that ultrasound 
treatment of UV irradiated 4,4´-DGOAB molecules induces cistrans 
isomerisation. More significantly, a new peak in the UV/Vis spectra was 
identified at the epoxide region (300 nm) that could be ascribed to the opening 
of the epoxy ring of the monomers. The purpose of this study was to investigate 
the effect of ultrasound waves on the 4,4´-DGOAB and to determine the trans 
and cis ratios by HPLC. 
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Figure 4.1.38 HPLC chromatograms of 4,4´-DGOAB in acetonitrile (1.5·10-5 M) at 
room temperature (~21°C) with trans and cis molar ratios a) initial, b) after UV 
irradiation for 1 min and c) after subsequent UV irradiation and sonication. 
 
The chromatograms of the 4,4´-DGOAB without irradiation, after UV irradiation 
and sonication are shown in Figure 4.1.38. In Figure 4.1.38.a, four HPLC elution 
peaks were observed at 1, 1.3, 1.5 and 1.7 min. The appearance of more than 
one peak gave us the impression that our samples were contaminated with 
impurities, although they have been analysed by 1H NMR and were found pure. 
In this case the impurities were found to consume 9% of the main product. The 
ACN solvent that has been used and the starting material 4,4´-
dihydroxyazobenzene were also analysed by HPLC, as seen in 5.1A.5, but 
56% cis- 44% trans 
9% cis- 91% trans 
94% cis- 6% trans 
Initial 
UV irradiation 
UV irradiation + Sonication 
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none of them looks like to have been responsible for the elution peaks of the 
4,4´-DGOAB solution. After irradiation with UV light for 1 min (Figure 4.1.38.b), 
the two intense peaks at 1.5 and 1.7 min retention time almost disappeared and 
in parallel the peak at 1 min increased dramatically by obtaining 94% of the 
main product. Furthermore a new weak peak at 0.8 min appeared. 
This proves that the trans isomeric form of 4,4´-DGOAB has one elution peak at 
1.7 min and the cis isomeric form is eluted faster at 1 min.162 The existence of 
the weak peaks at 1.5 min and 0.8 min implies that some oligomers were 
formed with trans and cis conformation respectively. Investigation of both trans 
and cis isomers and reversibility of isomerisation by HPLC have been reported 
previously.163 The new peak at 1 min corresponds to the cis isomeric form of 
4,4´-DGOAB. The shorter elution time of the cis form was expected, since the 
acetonitrile polarity is measured at about 3.92 D and the azobenzene from 0 D 
at the trans form reaches 3 D dipole moment when it converts to the cis form. 
The chromatogram of the last sample that had subsequently been subjected to 
UV light irradiation (1 min) and ultrasound waves (120 min) is illustrated in 
Figure 4.1.38.c. As can be observed all the five peaks are apparent. The molar 
ratio of the trans and cis 4,4´-DGOAB was found to be 44% and 56% 
respectively. The quantitative analysis for all the samples was calculated by 
integrating the elution peaks at 1 min (cis form) and at 1.7 min (trans form). In 
Figure 4.1.39, the peak heights of the differently treated solutions were 
compared with the retention time. It can be seen that when the molecules are in 
their trans form the elution peak at 1.7 min reaches the maximum, while the 1 
min peak reaches the minimum value. The opposite effect occurs when the 
azobenzene monomer is in cis form. The HPLC analysis verified that sonication 
is able to induce cistrans isomerisation to 4,4´-DGOAB molecules. The longer 
the samples were exposed to ultrasound waves the more 4,4´-DGOAB 
molecules were converted to their trans form. 
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Figure 4.1.39 Peak heights of 4,4´-DGOAB samples vs. retention time 
 
The appearance of 4,4´-DGOAB oligomers was attributed to the sonication 
effect. Further analysis should be conducted after additional irradiation with 
visible light to the samples that have been subjected to UV irradiation and at the 
end of sonication to ensure complete cistrans conversion. 
 
4.1.2.11 Thermal effect due to light irradiation on azobenzene films 
The entire experimental work undertaken in this research required the samples 
(monomer and polymer solutions, cured epoxy films and epoxy/glass fibre 
composites) to be subjected to UV and visible irradiation. Thus, it was of high 
importance to quantify how much the irradiated specimens were heated by the 
radiation and also to ensure that they went back to ambient temperature before 
performing any experiments. In this section the temperature of the cured epoxy-
based films was recorded using a high sensitivity MWIR thermal camera. 
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Figure 4.1.40 Thermal analysis cured epoxy-based films 
 
Figure 4.1.40 illustrates a series of thermal images of the cured epoxy resins 
with 0% and 10% azobenzene loadings before and after (when light is turned 
off) exposure to UV light for 30 min (required time for the trans→cis 
isomerisation in cured films). The temperature-colour scale, on the right side of 
the image, provides the temperature values with their corresponding colours. At 
the temperature of 17.5°C the colour appears blue and as the temperature 
increases it goes gradually to purple (21°C), red (23°C), orange (24.5°C) and at 
higher temperature of 27°C the colour is bright yellow. From the images it was 
obvious that UV light irradiation increased the temperature in all the films. 
The epoxy films after 30 min UV irradiation (2nd column) present a spot (radius 
~ 15 mm) with higher temperature in the centre. This spot is attributed to the 
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heat dissipation from the light source that produces light in the centre and 
therefore heats the sample in the centre more intensely.164 The temperature 
gradient on the surface is following a Gaussian distribution. The spot does not 
appear to be homogeneous because the films were irradiated from both sides 
(front and rear) with light beams of different radius (2.5 mm and 5 mm) as 
described in experimental section 3.1.2.7. 
 
 
Figure 4.1.41 Temperature values of cured epoxy films containing 0% and 10% 
azobenzene after switching the UV light source on and off. 
 
The graph in Figure 4.1.41 demonstrates a 3-8°C temperature rise from the plot 
of temperature values vs. time, after UV irradiation. Rhombuses correspond to 
the films without azobenzene and squares to the films with 10% azobenzene. 
When the UV light was switched off thermal images were taken periodically until 
a constant temperature was reached. The film with the modified resin (10% 
azobenzene loading) exhibited a temperature 5°C higher after UV irradiation 
than the control film. The specimens reached their initial temperature in 20 min 
after the UV light source was switched off. The 5°C temperature difference can 
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be explained by the presence of azobenzene (with molar absorption coefficient 
of 30,000 M–1 cm–1) that absorbs more light than the DGEBA epoxy resin (with 
molar absorption coefficient of 0.926 M-1cm-1).165 When a molecule absorbs 
light, it is raised to an excited electronic state. In this excited state, it can react 
either by dissociation or by reacting with another molecule or by isomerisation 
(photochemistry). It can also return to the ground state either by releasing the 
excess energy as heat or by emitting a photon of light (fluorescence). The 
additional temperature rise in the polymeric films with 10% azobenzene loading 
can also be due to the exothermic cis→trans isomerisation that Bushuyev et al. 
have demonstrated in the solid state (33-37 kJ mol-1, DSC exothermic peak).166 
The temperature rises that were observed in the cured epoxy films are not 
significant compared to the Tg of the polymers (81-83°C). 
 
4.1.2.12 Influence of azobenzene and UV light on fracture toughness 
of epoxy based polymers 
The reason for measuring the fracture toughness of the polymeric materials was 
to understand the influence of azobenzene concentration and UV light on the 
crack propagation in the polymeric matrices that were planned later to be 
reinforced with glass fibres. Fracture toughness measurements of the 
azobenzene polymers have never before been assessed therefore the 
investigation of the effect of the azobenzene loading and/or the UV irradiation 
influences was crucial.  
Figure 4.1.42 presents photos of non-irradiated SEBN examples with 0%, 5% 
and 10% azobenzene loadings at various times during 3-point bending test. 
These photos depict at the beginning a region of cavitation (microcracks) and 
plastic yielding ahead of the notch.167 The cavitated region (5-16 s) appeared as 
a darkened area at the end of the notch. The size of this area increased when 
the samples demonstrated higher fracture toughness.168 
RESULTS AND DISCUSSION 
175 
 
 
Figure 4.1.42 Photos of epoxy resin samples to test by the SEBN method as a 
function of the azobenzene loading, applied load and test duration (captured by 
high-speed camera). 
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As can be seen from the photos of Figure 4.1.42 and from a typical load vs. 
time plot, in Figure 4.1.43, the energy of the samples was dissipated as pre-
failure damage (micro-cracks) and then suddenly as a fast-moving fracture. This 
behaviour is expected from brittle materials such as epoxy resins and PMMA.169 
 
 
Figure 4.1.43 Typical load vs. time graph of fracture toughness with real-time 
images from high-speed camera. 
 
The fracture toughness (KIC) of polymeric epoxy resins as a function of the 
azobenzene loading of non-irradiated and UV-irradiated specimens is presented 
in Figure 4.1.44. The details of the specimens’ dimensions, maximum loads and 
fracture toughness are listed in Table 4.1.14. Samples that were not exposed to 
UV light, showed an 11% increase in KIC which was observed with 10% 
azobenzene. The improvement in resistance to crack growth may have 
occurred due to the azobenzene molecules which require more energy to 
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“break” when they are in their more thermodynamically stable, trans, isomeric 
form. Another possibility could be that the trans azobenzene molecules exhibits 
a more rubber-like behaviour in comparison the cis azobenzene with a more 
brittle behaviour due to their twisted/folded structure. Garg et al. have 
demonstrated that the addition of rubber to a brittle resin causes a reduction in 
stiffness and a significant increase in fracture resistance by plasticising the 
matrix 112 
 
 
Figure 4.1.44 Fracture toughness of UV and non-irradiated specimens vs. 
azobenzene loading (%). 
 
After exposure to UV light the fracture resistance linearly decreased with 
increasing azobenzene loading. This decrease in fracture toughness with the 
azobenzene loading could be attributed to the transcis isomerisation that 
requires free volume space for rotation of the azo bond.170 During the transcis 
conversion, residual stress with subsequently mini-cracks could occur within the 
polymer matrix, as the azobenzene molecules are covalently attached to a 
crosslinked network. Such localised stresses act as a driving force for crack 
growth and facilitate the notch crack to propagate.171 Therefore the higher the 
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azobenzene loading the more likely is the stress from the isomerisation to affect 
the whole epoxy resin matrix’ fracture toughness properties.  
 
Table 4.1.14 Dimensions, maximum loads and fracture toughness of cured epoxy 
resin specimens with and without exposure to UV light 
Epoxy 
resin 
samples 
Width (mm) Thickness 
(mm) 
Crack length 
(mm) 
Maximum load 
at elastic-linear 
region FQ (N) 
Failure load FC 
(N) 
Fracture 
toughness 
KiC (MPa 
m
1/2
) 
0%AB_R
ef 
6.02 ± 0.01 2.87 ± 0.02 3.03 ± 0.06 51.44 ± 7.35 69.10±12.26 2.29 ± 0.30 
5%AB 6.04 ± 0.00 2.87 ± 0.08 2.98 ± 0.04 43.69 ± 0.97 60.48 ± 2.71 2.09 ± 0.06 
10%AB 6.03 ± 0.02 2.93 ± 0.09 2.96 ± 0.10 53.69 ± 7.09 77.34 ± 9.43 2.53 ± 0.24 
UV_0%A
B_Ref 
6.05 ± 0.02 2.83 ± 0.09 2.94 ± 0.14 50.30 ± 6.02 77.62 ± 10.60 2.62 ± 0.24 
UV_5%A
B 
6.02 ± 0.01 2.88 ± 0.13 2.92 ± 0.12 53.08 ± 13.84 73.23 ± 14.53 2.42 ± 0.40 
UV_10%
AB 
6.02 ± 0.02 3.00 ± 0.14 2.98 ± 0.10 54.39 ± 12.59 64.51 ± 8.27 2.09 ± 0.15 
 
By comparing the effect of UV irradiation for each sample separately, it can be 
noticed that an increase in fracture toughness occurs at the specimens with 0% 
and 5% azobenzene loading. A significant 20% decrease in KIC was reached 
with 10% azobenzene loading after UV irradiation compared to the non-
irradiated polymeric matrix. This increase can be explained by the photo-
oxidation of the polymer matrix after exposure to UV light that decreases the 
overall crosslinking density of the matrix as a consequence of the chain scission 
reactions.172 Reduction of the mechanical properties, such as stiffness, of the 
UV irradiated specimens was expected but the fracture toughness properties 
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were enhanced due to the lower crosslinked density than the virgin specimens. 
On the other hand, the decrease in fracture toughness seen with the 10% 
azobenzene loading samples can be justified by the polymer chain 
rearrangement or the stress that occurs after the UV-induced transcis 
isomerisation as explained in the previous paragraph. 
 
 
Figure 4.1.45 Fracture morphologies after failure (images taken from optical 
microscope, 1mm scale-bar) 
 
Figure 4.1.45 illustrates micrographs of the fracture surface of specimens 
showing the matrix ductility. The features on the samples’ surfaces are quite 
similar and no significant differences were noticed between samples with 
different azobenzene loadings or between UV and non-irradiated samples. 
The incorporation of azobenzene as a crosslinker of the polymeric matrix was 
aimed to contribute to the enhancement of the fracture properties. It was 
demonstrated that 10% azobenzene (in trans form) improves the fracture 
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resistance of the polymeric matrix. On the other hand, when the modified resins 
with azobenzene are exposed to UV irradiation (cis isomers) the fracture 
mechanic properties are affected negatively with increasing azobenzene 
loading. 
 
4.2 Photoresponsive composites 
In this chapter characterisation of the epoxy/ glass fibre reinforced composite 
panels, with photoresponsive azobenzene resins at different loadings (0%, 5% 
and 10%), and investigation of their compressive properties, impact tolerance at 
high-velocities and damage evaluation before and after UV irradiation have 
been discussed. It was expected after impact testing that some of the kinetic 
energy of the projectile would be absorbed by the azo-molecules and thus it 
might lead to smaller deformations or other types of failure at the polymer matrix 
after photo-isomerisation. Further to those studies, compression after impact 
(CAI) tests followed in order to compare the UV irradiated and non-irradiated 
impacted specimens on residual strength with regards to the azobenzene 
loading. Figure 4.2.1 depicts clearly the hierarchy of the experiments at different 
light treatments. 
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Figure 4.2.1 Hierarchical progress of the performed experiments at different 
velocities and light treatment from top to bottom 
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 Composites manufacturing and quality 4.2.1
Photoresponsive azobenzene-based pre-impregnated materials or resins are 
not commercially available. Therefore, the photoresponsive composites were 
manufactured as described in section 3.2.2. The manufacturing of the 
photoresponsive composites was a straightforward process with some 
limitations and challenges. 
The photoresponsive crosslinker, 4,4´-DGOAB, was a solid powder and 
required full dispersion with the viscous epoxy resin prior to blending with the 
hardener. Due to the high viscosity of the liquid resin (Viscosity at 23°C = 1,250 
mPas), the 4,4´-DGOAB powder was not fully dissolved in the resin after mixing 
with a magnetic stirrer. It was found that heating at 40°C improved the 
dispersion of the 4,4´-DGOAB but this temperature raise could initiate the curing 
after the addition of the hardener. Therefore it was necessary for homogeneous 
mixing of the 4,4´-DGOAB with the epoxy to take place a day before the 
composite manufacturing to allow the photoresponsive resin to cool to room 
temperature. Another challenging part of the process was identified when the 
mixture of 4,4´-DGOAB/ epoxy resin was poured and spread using a wooden 
spatula between the glass-fibre layers. The mixture was getting thicker with the 
addition of the hardener and spreading between the fibres without changing 
their orientation required slow and very careful moves. In parallel there were 
some time and temperature limitations. The handling time at room temperature 
before the mixture was starting to gel or cure was 80 min. The increase in 
temperature (above 25°C) might initiate the curing before the 80 min. Therefore 
the hand lay-up and vacuum bagging processes needed to be accomplished 
within this time at room temperature conditions for each panel before being 
placed in the autoclave. 
After the composites were manufactured, they were placed in front of a lamp to 
check for gross manufacturing defects, visually. The quality of each panel was 
examined further using optical microscopy, for evaluation of its void and fibre 
volume fractions. Usually all the composites have amounts of voids regardless 
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the raw materials or manufacturing technique, due to trapped air or any volatiles 
or incomplete consolidation. Acceptable void values for industrial applications 
are approximately 1-5% v/v.173 Lower content of voids is desirable in 
composites as the formers act as crack initiators.174 Fibre volume fractions 
typically are ranged between 50% and 80%.135, 136 
 
Table 4.2.1 Thicknesses of plies of the 
composite’s cross-section 
 
No. of ply Fibre 
orientation 
Thickness 
(m) 
1 0° 392 
2 90° 418 
3 0° 434 
4 90° 487 
5 90° 384 
6 0° 405 
7 90° 363 
8 0° 412 
 
 
All the panels with 0%, 5% and 10% azobenzene loading consisted of balanced 
and symmetrical laminate with a combination of 0° and 90° layers, as can be 
seen in Figure 4.2.2. The thickness, fibre and void fractions were calculated 
according to section 3.2.3.1 and the results are presented in Table 4.2.1 and 
Figure 4.2.2 Cross-section of 
0% azobenzene composite 
panel 
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Table 4.2.2. As it can be seen, the fibre volume fractions in all the composites 
were within 31-43% which represent typical values according to the literature.135 
The amount of voids that were present in the composites was higher than the 
limit of 5% for composites with acceptable qualities. Composites without 
azobenzene had 6-9% void volume fractions and composites with 5% and 10% 
azobenzene 7-16% void volume fractions. The increase of voids in composites 
with azobenzene might be attributed to the existence of any insoluble 
azobenzene as a solid powder. Pawar et al. showed that the inclusion of filler 
particles increased the void fraction of composites.114 These values were taken 
into consideration for the following experiments. 
 
Table 4.2.2 Fibre and void volume fractions and thicknesses of photoresponsive 
composites 
Composite 
panels 
Fibre volume 
fraction, Vf (%) 
Void volume 
fraction, Vv (%) 
Thickness 
(mm) 
0% AB_Ref 1 38 9 2.3 
0% AB_Ref 2 41 6 2.2 
5% AB _1 43 7 2.4 
5% AB_2 33 13 2.5 
10% AB_1 31 11 2.5 
10% AB_2 35 16 2.6 
 
The disadvantage of optical microscopy, for Vv and Vf identification, is the small 
observed area which increases the measurement uncertainty. Finally, it should 
be mentioned that a non-instrumental, visual inspection was conducted for each 
panel after manufacturing. By placing the composites in front of a light bulb 
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(where any defects could be observed due to the composites’ translucency) it 
was possible to verify whether the panels were homogeneous after 
manufacture. 
 
 Photoresponsive behaviour of the azobenzene-based 4.2.2
composites 
The initial goal of these studies was to demonstrate whether or not the 
azobenzene molecules were capable of reversible isomerisation within a cross-
linked polymeric network reinforced with glass fibres. The use of the reflectance 
spectrophotometer to record the photoisomerisation of composites and thick 
azobenzene films (>1 mm) was found to be suitable in this case, as the colour 
of the specimens changed visually from dark yellow (trans form) to orange (cis 
form) reversibly. In the following paragraphs the spectra of the composites after 
UV and visible irradiation are discussed. 
Figure 4.2.3 illustrates the spectra of a composite with 10% azobenzene loading 
after UV and visible irradiation. The first spectrum was collected from a non-
irradiated specimen, which previously had been stored in the dark for two 
weeks, and represented the film containing 100% trans azobenzene molecules. 
After 30 and 60 min of exposure to the UV light a decrease in the reflectance at 
570 nm (yellow colour) was noticed and attributed to the trans→cis 
isomerisation. Longer exposure than 60 min of the specimens to the UV light 
did not induce any further change in the spectrum. Therefore the outcome from 
the complete trans→cis geometrical conversion suggests a maximum 
reflectance decrease of 23% for the specific azobenzene loading. 
Subsequent irradiation with visible light for 30 and 60 min demonstrated the 
opposite effect. As can be seen in the spectra the reflectance of the composites 
was increased with the irradiation time, resembling to a recovery to the more 
thermodynamically stable trans azobenzene form. The almost total 94.6% 
cis→trans isomerisation was achieved after 60 min of visible irradiation. 
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Figure 4.2.3 Reflectance spectra of a 10% azobenzene-based epoxy/glass fibre 
composite during exposure to UV and visible light irradiations 
 
Finally, it should be noted that the reference specimens which did not contain 
any azobenzene did not present any spectral variations after the different light 
treatments. As can be seen in Figure 4.2.4 the reflectance spectra of the 
reference epoxy/glass fibre composite were collected before and after exposure 
to UV and visible light every 30 and 60 min. Longer exposure than 60 min of the 
specimens to the UV light did not induce any further change in the spectrum. 
The reflectance of the reference specimen remained almost stable at 69-71% 
after the different light treatments. These findings are in agreement with the 
previous UV/Vis studies discussed in section 4.1.2.4, that were conducted on 
acrylic films containing 0-100% azobenzene loading. The analysis of the PMMA 
film that did not contain any azobenzene did not exhibit any spectral variations 
before or after exposure to UV light. Thus the photo-induced changes in 
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reflectance of these materials are attributed to the trans→cis isomerisation of 
the azobenzene chromophores. 
 
 
Figure 4.2.4 Reflectance spectra of a reference epoxy/glass fibre composite 
without azobenzene after exposure to UV and visible light irradiations 
 
The results suggest that azobenzene molecules are capable of reversible 
isomerisation within the glass fibre composites and require 1 hr UV exposure for 
complete trans→cis conversion. As reflectance spectroscopy is a technique 
where the measurements are collected only from the surface of the specimens, 
it was necessary to ensure that trans→cis conversion was achieved within all 
the layers of the composites; therefore spectra were collected from the top and 
bottom of the specimens. 
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 Thermal effect due to light irradiation on 4.2.3
photoresponsive epoxy/glass fibre composites 
For the requirements of this PhD, the photo-induced changes in the molecular 
structures that alter the physical and mechanical properties of polymeric 
matrices were the main focuses of this research and therefore, any thermal 
effect should have been excluded. In order to achieve this, a high sensitivity 
MWIR thermal camera was used for recording the temperature rises of the 
samples being irradiated. 
 
Figure 4.2.5 Thermal analysis of glass fibre composites 
 
Figure 4.2.5 illustrates a series of photos and thermal images of epoxy/glass 
fibre composites with 0%, 5% and 10% azobenzene loadings before and after 
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(when light is turned off) exposure to UV light for 1 hr (required time for 
trans→cis isomerisation in composites). On the right side of the image there is a 
temperature-colour scale providing the temperature values with their 
corresponding colours. At low temperatures of 19.6°C the colour appears blue 
and as the temperature increases it goes gradually to purple (22°C), red (23°C), 
orange (24°C) and at higher temperatures of 26°C the colour is bright yellow. 
From the images it is obvious that UV irradiation increased the temperature in 
all the composites. 
 
 
Figure 4.2.6 Temperature values of epoxy/glass fibre composites containing 0%, 
5% and 10% azobenzene after switching the UV light source on and off 
 
In Figure 4.2.5 all the composites after 1 hr UV irradiation (3rd column) present a 
spot (radius ~ 45 mm) with higher temperature in the centre. As has been 
previously explained in section 4.1.2.11, this spot is attributed to the heat 
dissipation from the Gaussian beam intensity profile of the light source that 
creates a hot centre with a colder periphery. The spot is not homogeneous 
because the light beams, that the composites were exposed to both sides (front 
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and rear), have different radius (2.5 mm and 5 mm), as described in 
experimental section 3.1.2.7. 
After plotting the exact temperature values vs. the time a 3.5-6°C temperature 
rise depending on the azobenzene loading was identified after UV irradiation, as 
seen in Figure 4.2.6. In the graph, rhombuses correspond to the composites 
without azobenzene and squares and triangles to the composites with 5% and 
10% azobenzene respectively. When the UV light was switched off thermal 
images were taken periodically until a constant temperature was reached. It 
was apparent that all the samples demonstrated the same behaviour during and 
after irradiation. Initially a sharp increase of the temperature was noticed after 
15 min exposure to UV and then an almost constant temperature with a gradual 
temperature increase was reached after 60 min of UV irradiation. After the UV 
light was switched off the temperature gradually decreased. The more 
interesting result was that the temperature after 60 min increased as a function 
of the azobenzene loading (1°C increase for 5% azobenzene loading and 2°C 
increase for 10% azobenzene loading). The additional temperature rise of the 
composites with higher azobenzene loading was assumed to occur due to the 
cis→trans isomerisation reaction.137 Bushuyev et al. have demonstrated that the 
exothermic cis→trans isomerisation can take place in the solid state (33-37 kJ 
mol-1, DSC exothermic peak).166 From the studies of this PhD project it was 
demonstrated that 20 min were required for the composites to reach the initial 
temperature after the UV irradiation was switched off. 
The difference between the temperature increase in the cured resins (section 
4.1.2.11) with 10% azobenzene (8°C) and the temperature increase in the 
epoxy/glass fibre composites with 10% azobenzene (6°C) could be attributed to 
the reinforcement of the composites since the composites consisted of 65-69 
w/w% polymeric resins, (with 10% azobenzene). It was expected the 
temperature rise of the composites to be lower than that of the pure polymeric 
resins also due to the different focuses of the light beams (distance between the 
light beam and the specimen) on the films and composites. Samples closer to 
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the light source get hotter.175 The distances between the light sources and the 
films (12 cm and 14 cm) were shorter between the light sources and the 
composites (14 cm and 19 cm), as can be seen in section 3.1.2.7. 
 
  Compression tests of photoresponsive epoxy/glass fibre 4.2.4
composites 
The first tests that were performed on the composites for evaluating the 
influence of azobenzene on the mechanical properties were compression tests, 
as the compressive strength is a matrix-dominant property.143 The compressive 
properties of the epoxy/glass fibre composites with 0%, 5% and 10% 
azobenzene loading before and after exposure to UV irradiation for 1 hr are 
presented in Figure 4.2.7. The red columns correspond to the UV irradiated 
samples and the blue to the non-irradiated samples. The influence of 
azobenzene on the compressive properties of the non-irradiated composites, 
was negative in composites with 5% azobenzene (a 20% decrease in the 
compressive strength) and 10% azobenzene loading (a 7% decrease). On the 
other hand, when the composites containing azobenzene were subjected to UV 
light for 1 hr and then tested an enhancement of their compressive properties 
was observed. The reference epoxy/glass fibre composites (without 
azobenzene) demonstrated a decrease in strength by 10% after exposure to UV 
light. It has already been demonstrated that UV irradiation degrades the 
mechanical properties of epoxy resin composites (brittleness occurs due to the 
increased cross-linking from photo-oxidation reactions of the polymeric matrix 
that are activated by UV light).7 However from the nanoindentation experiments 
of this PhD (4.1.2.7.2), no significant changes in stiffness were observed in the 
cured epoxy resins before and after exposure to UV light. 
The UV treated composites exhibited an increase in compressive strength with 
higher azobenzene loading. More significantly, there was a 3% and 19% 
increase of strength (compare to the reference samples, 0% azobenzene) for 
the composites with 5% and 10% azobenzene loading respectively. 
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Figure 4.2.7 Compressive strength of epoxy/glass fibre composites with 0%, 5% 
and 10% azobenzene loading 
 
Although the standard deviation of the composites with 10% azobenzene is too 
high (10%) previous nanoindentation findings (in section 4.1.2.7.1) have shown 
a similar trend. A 2% increase in nanoindentation stiffness after UV irradiation of 
polymer films with 10% azobenzene loading was observed. This increase could 
be attributed to the more twisted geometry of the azobenzene which enhances 
the mechanical properties (stiffness) of the whole polymeric matrix, as has 
being previously demonstrated by other studies.35 The enhancement of 
composites’ compressive properties might have occurred due to the polymer 
chain rearrangement caused by the photoinduced transcis isomerisation. The 
compression strength depends on the polymer matrix and fibre-matrix 
adhesion.176 Xie et al. has demonstrated that by improving the interfacial 
adhesion using treated glass fibres the compressive strength was enhanced 
too.177 In addition, it has been shown that the increase in polarity of phenolic 
epoxy resins leads to better adhesive properties due to higher bond 
strengths.178 Therefore, increase in the compression strength might have 
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occurred due to a better adhesion between the polar, cis azobenzene epoxy 
resins, with 3 Debye dipole moment, and glass fibres or because the polymeric 
matrix containing cis azobenzene chromophores demonstrate better 
compressive properties than with the non-polar, trans azobenzene with 0 Debye 
polarity.154 
 
  High-velocity impact experiments of 4.2.5
photoresponsive azobenzene epoxy/glass fibre composites 
After the compression tests, impact experiments were followed for evaluating 
the impact resistance of the composites at high velocities. 
 
4.2.5.1 Light-induced energy changes 
A single velocity of 190 m/s was applied to the composites (2 replicates each) 
with 0% (as control), 5% and 10% azobenzene loading in order to compare their 
kinetic energy differences before and after exposure to UV light. The entry and 
exit velocities, v1 (m/s) and v2 (m/s) respectively, the inlet and absorbed energy 
values, Ei (J) and Et (J) respectively, and the energy difference percentage Ef 
(%) are listed in Table 4.2.3. 
The difference in absorbed energy of the composites with 0-10% azobenzene 
loading between the non- and UV irradiated composites are plotted on the 
graph shown in Figure 4.2.8. The squares correspond to the results of the UV 
irradiated specimens and the rhombuses to the non-irradiated composites. 
Comparing the energy values of the specimens it can be observed that there is 
a very similar trend between the non- and UV irradiated samples with regards to 
their azobenzene loading. 
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Table 4.2.3 Results after impact (190 m/s) of non- and UV- irradiated composites 
 v1 (m/s) v2 (m/s) Ei (J) † Et (J) ‡ Ef (%) § 
0% AB (No UV) 186.9±1.0 129.6±0.3 123.0±1.3 63.8±1.6 51.9±0.7 
5% AB (No UV) 188.3±0.9 126.0±3.9 124.7±1.2 68.9±2.2 55.2±2.3 
10% AB (No UV) 187.2±1.3 123.3±1.8 123.3±1.8 69.8±3.3 56.6±1.9 
      
0% AB (UV) 186.4±0.9 126.5±2.7 122.4±1.2 66.0±1.2 54±1.5 
5% AB (UV) 187.7±5.2 124.6±1.1 124.1±6.9 69.4±5.9 55.9±1.7 
10% AB (UV) 183.5±0.3 114.5±2.2 118.5±0.4 72.4±2.2 61.1±1.7 
†  𝐸𝑖 =
1
2
𝑚𝑣1
2  ‡  𝐸𝑡 =
1
2
𝑚(𝑣1
2 − 𝑣2
2)  §  ∆𝐸𝑓 =
𝐸𝑡
𝐸𝑖
∙ 100% 
 
The energy that was absorbed after impact from the non-irradiated composites 
was approximately the same for the targets containing 5% and 10% 
azobenzene with values 8% and 9.5% respectively higher than the energy 
absorbed by the control. These findings suggest that the azobenzene is able to 
reduce the transferred energy from the projectile to the target at 190 m/s. 
Nielsen et al. have demonstrated, likewise, that the enhancement of ceramic 
composites with encapsulated armour-grade materials results in higher 
absorption and reduction of the transferred impact energy from most types and 
sizes of projectile.179 This was justified by the high energy absorption of the 
armour-graded materials that caused increase of the dwell time of the projectile. 
High energy absorption materials are supportive for composites to withstand 
extreme loading conditions. Azobenzene here possibly absorbs some energy 
resulting in less kinetic energy to be transferred when the projectile penetrates 
the specimens. 
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Figure 4.2.8 Absorbed energy at 190 m/s velocity impact vs. azobenzene loading 
at UV and non-irradiated composites 
 
In the same way, the energy that was absorbed by the targets which had being 
previously exposed to UV light linearly increased with the azobenzene loading. 
The average absorbed energy values of the samples containing 5% 
azobenzene were 5% higher than the control and those with 10% azobenzene 
10% higher accordingly. Improvement in energy absorption may have occurred 
because cis azobenzene led to improvement in interlaminar shear strength 
(maximum shear stress between layers of a composite) which increases the 
delamination resistance of polymer composite, a dominating mechanism in 
absorption energy of polymer composite laminates during high-velocity impact 
test.180 Thus the energy level at the control samples (0% azobenzene) indicated 
lower values in contrast to those containing 5% and 10% azobenzene. Another 
parameter, apart from the matrix system, that should also be taken into 
consideration for the response of polymer composite materials subjected to 
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high-velocity impact is the fibre volume fraction. It has been demonstrated by 
Thomason et al. that increase in void content of glass fibre composites leads to 
a reduction in modulus.181 In these studies the fibre volume fraction varies 
between 31-43%, as seen in section 4.2.1, and also it should be taken into 
consideration that each composite panel was prepared separately and 
differences in structure might occur. The panels with 10% azobenzene loading 
appeared to have lower amounts of reinforcement and more voids, compared to 
the composites with 0% and 5%, which might have led to reduced impact 
properties. 
High-velocity impact results indicated better ballistic performance (by 10%) for 
specimens containing azobenzene (5-10%) by showing higher energy 
absorption in particular after UV irradiation. 
 
4.2.5.2 Azobenzene effect in energy changes 
After the addition of azobenzene indicated a higher energy absorption at 190 
m/s, further studies were conducted to investigate its effect at two additional 
velocities. Figure 4.2.9 presents the absorbed energies of the non-irradiated 
composites with 0%, 5% and 10% azobenzene loading after impact at the 130, 
190 and 370 m/s velocities. It should be noted here that at 130 m/s impact the 
projectile bounced back, in contrast to the 190 m/s and 370 m/s impacts where 
perforation occurred, but more details will follow in section 4.2.6 regarding the 
damage modes. 
The graph in Figure 4.2.9 clearly shows an increase in absorbed energy with 
increasing impact velocities. In these studies, all the specimens were not 
subjected to UV irradiation, thus the azobenzene molecules were in their trans 
form. The absorbed energies at 130 m/s and 190 m/s for the control 
(rhombuses) and the composites with 5% (squares) and 10% (triangles) 
azobenzene loading were quite similar. Important differences appeared after 
impact at 370 m/s. The composites with 5% azobenzene loading demonstrated 
a capability of absorbing 57% more energy than the control. Likewise, 32% 
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more energy was absorbed by the 10% azobenzene composites than the 
samples without azobenzene. 
 
 
Figure 4.2.9 Absorbed energies of non-UV irradiated samples at different 
velocities 
 
Theoretically, the absorbed energy with increasing impact velocity (beyond the 
perforation velocity) should remain constant.182 This can be explained by the 
fact that when faster projectiles penetrate the targets in a shorter time, it is more 
likely that the targets have not enough time to undergo any further, progressive 
deformation. Furthermore, it has been demonstrated by Hazell et al. and 
Garcia-Castillo et al. that the increase of the areal density of composites leads 
to an increase in absorbed energy due to a longer contact time between the 
projectile and the target.183, 184 Other studies confirmed that as the volume 
fraction was increased, the absorption energy from the total impact energy was 
increased in composites with upto 65% fibre volume fraction due to fibre 
breakage. Above this point (Vf=65%) the absorbed energy was decreased since 
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the interlaminar crack was propagated without any fibre breakage due to the 
decrease of the interlaminar shear strength.185 In these PhD studies the 
differences in absorbed energy could correspond to the stressed-induced 
isomerisation of the azobenzene but more studies are required to verify this 
phenomenon. Therefore it is more likely any significant variation in the 
specimens’ quality (thickness, Vf, Vv) might have led to this linear relationship 
between the impact and absorbed energy. 
 
 Damage assessment of impacted photoresponsive 4.2.6
composites 
From the impact tests the damaged areas, whose morphologies are described 
in detail below, of the 0%, 5% and 10% azobenzene composites were 
measured at different velocities and are presented in Figure 4.2.10. The kinetic 
energy of the projectile once impacted into the target is scattered and absorbed 
in various ways by the composites.102 The main energy absorbing mechanisms 
of the ballistic impact include kinetic energy absorbed due to fibres’ failure, due 
to matrix cracking and delamination and frictional energy absorbed during 
penetration. 
These samples were not subjected to any light exposure therefore the effect of 
the azobenzene loading at different impact energies was studied. The results 
showed that after impact at 130 m/s and 370 m/s the created damaged area 
was quite similar for all the composites. At 190 m/s impact, the level of the 
damage was increased by approximately 50% for the 0% and 5% azobenzene 
composites. Especially the 10% azobenzene composite presented 19% more 
damage than the 0% and 5% composites. 
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Figure 4.2.10 Damaged areas of non-irradiated composites at different velocities 
 
It would have been expected a positive linear relationship between the size of 
the damage zones and the impact energy.102 If higher amount of ballistic energy 
was absorbed by the same energy absorbing mechanism, the damaged area 
should be larger. Nevertheless, it has been found that the level of damage 
increases with increasing impact energy up to the penetration velocity, at which 
point the projectile perforates the target due to the decreased contact time that 
induces limitations to the failure modes.186 Therefore, at increasing impact 
energy levels, greater than the penetration velocity, the level of damage 
decreases. In these findings it can be assumed that the penetration velocity is 
190 m/s, which can justify the correlation between the damaged area and 
velocities. These experiments are highly related to the composites quality and 
since composite panels with 10% azobenzene indicated higher void volume 
fraction, as seen in previous section 4.2.1, an increase in delamination would 
have been more likely to occur.185 
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Figure 4.2.11 Comparison of damaged area between UV and non-irradiated 
specimens after impact at 190 m/s 
 
Further analysis on the damaged area was conducted for the non and UV 
irradiated samples containing 0-10% azobenzene and previously impacted at 
the same velocity (190 m/s). Figure 4.2.11 illustrates the damaged area vs. the 
azobenzene loading by demonstrating the influence of UV light. It is apparent 
that the damage of the non-exposed samples became larger with the 
azobenzene loading. The damaged area is expected to increase with increased 
absorbed energy after impact at a single velocity.102 Therefore, this effect came 
in accordance with the findings from the absorbed impact energy vs. 
azobenzene loading, in the previous section 4.2.5.1 which indicated an increase 
in absorbed energy with higher azobenzene loading. On the other hand the 
damaged areas of the UV irradiated composites were not found to have any 
correlation with the azobenzene loading. An important increase by 10% of the 
damage was noticed at the UV irradiated 5% azobenzene composite compare 
to the non-irradiated specimen. These results came in accordance with the 
fracture toughness findings of the polymeric matrices in section 4.1.2.12. When 
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the modified resins with azobenzene were exposed to UV irradiation (cis 
isomers) the fracture toughness of the materials was decreased due to localised 
stresses after transcis isomerisation which facilitate and propagate any crack 
growth.171 
 
 
Figure 4.2.12 Front and back faces (left and right respectively) of composites 
with 0%, 5% and 10% azobenzene loading UV and non-irradiated after 190 m/s 
impact 
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Figure 4.2.12 illustrates a selection of front and rear faces of composites 
containing 0%, 5% and 10% azobenzene, with and without being exposed to 
UV light. Impact at 190 m/s produced quite similar large delamination areas with 
perforation and fibre fracture to all the specimens regardless the azobenzene 
loading. The delaminated areas of the epoxy based glass fibre reinforced 
composites formed a cross-shape zone in all the cases. The cross-shape is a 
common damage shape, observed in reinforced fibre composites with [0/90]ns 
cross-ply stacking sequences.187, 188 The directions of cracks are perpendicular 
to the direction of fibres. As the specimen in the bulge on the rear side is further 
penetrated by the projectile, its tensile strength is eventually exceeded and a 
star-shaped crack develops around the tip of the projectile. At the rear sides of 
the specimens rearward petalling was also observed.189 Petalling is produced 
by high radial and circumferential tensile stresses after passage of the projectile 
and is accompanied either by large plastic flows and/or permanent flexure.189 
These images (Figure 4.2.12) indicated that delamination is the major energy 
absorption mechanism in these specimens.180 
As can be seen in Figure 4.2.13 the composites with different azobenzene 
loading exhibited the same type of impact damage when penetration (130 m/s) 
and perforation (190 and 370 m/s) occured. The damage modes caused by the 
impact varied with the applied impact energy. The a), d) and g) photos 
correspond to the specimens with 0%, 5% and 10% azobenzene respectively 
after impact at 130 m/s. The projectile did not manage to perforate the targets, 
although petalling, delamination, fibre pull out, fibre breaking and matrix 
cracking were observed. On the other hand, at 190 m/s the sphere perforated 
successfully all the targets, leaving again a petalling damage morphology, as 
seen in Figure 4.2.13 b), e) and h) for 0%, 5% and 10% azobenzene 
composites. Different failure morphologies were noticed at the highest velocity. 
In Figure 4.2.13 c), f) and i) the petalling is being decreased while a well-defined 
hole became obvious for all the samples. The failure morphologies came in 
good agreement with the literature, since at the highest impact energies the 
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failure modes exhibit less petalling and higher fragmentation which leads to 
more obvious holes.183, 190, 191 Images of the samples, taken from the high-
speed camera confirmed the rebounding (Figure 4.2.14 a), perforation (Figure 
4.2.14 b) and higher fragmentation (mass loss) (Figure 4.2.14 c) during the 
impact at different velocities. 
 
 
Figure 4.2.13 Post-impact images of non-irradiated composites, with 5%, 10% 
and without azobenzene, at different velocities 
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Figure 4.2.14 Photos taken during impact tests at a) 130 m/s, b) 190 m/s and c) 
370 m/s of non UV irradiated composites with 5% azobenzene 
 
 Post-impact residual strength studies (CAI) 4.2.7
Compression after impact (CAI) tests determine the residual strength of 
materials damaged by impact.192 For this study high impact energy was applied 
to the specimens (190 m/s), delamination occurred and then post impact tests 
were performed to measure the composites’ maximum strength and the 
damage from the delamination which progressively propagated during the 
compressive force. CAI tests were performed to composites with 5%, 10% and 
without azobenzene loading. Each specimen was subjected to UV or visible 
light exposure before or after CAI and the maximum force was recorded. 
Exposure to UV light induced the azobenzene isomers to obtain their cis form 
and exposure to visible light converted the azobenzene isomers to their trans 
form into the composites via isomerisation. 
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Figure 4.2.15 Typical load vs. strain graph of 10% azobenzene composites under 
different light conditions 
 
Figure 4.2.15 illustrates typical load vs. strain graphs of composites with 10% 
azobenzene loading. As it can be seen from the graph the different light treated 
specimens demonstrated similar compressive strengths. Initially, an increase in 
strength (elastic region) was observed until a peak was reached (residual 
strength) and then the composites showed a decrease in stress or plateau until 
failure (breaking point). During the tests, cracking sounds and growth of the 
damage after impact of the specimens were noticed. 
For better understanding the behaviour and the effect that azobenzene and light 
have on the epoxy glass fibre composites, two graphs including the residual 
strength values at all the different light conditions of the 0%, 5% and 10% 
azobenzene specimens were plotted (Figure 4.2.16 and Figure 4.2.17). Visible 
irradiation before impact and CAI tests are described as VIS Impact and VIS 
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CAI accordingly. UV irradiation prior to impact and CAI tests are mentioned in 
the graph as UV Impact and UV CAI respectively. 
 
 
Figure 4.2.16 Residual strength vs. azobenzene loading at visible irradiated 
samples prior to impact tests 
The first graph, in Figure 4.2.16, facilitates the identification of any trend that 
might be revealed from the experiments where the specimens were exposed to 
visible irradiation before the impact test. A noticeable observation is the 
decrease of the residual strength with the azobenzene loading of visible-
irradiated specimens before impact test and exposed to UV light prior to CAI. 
This trend is usually observed in CAI tests where the residual strength 
decreases with the increasing impact energy.193 However, in these studies a 
single impact velocity (190 m/s) was applied to all the composites before the 
CAI tests. The percentage of decrease reached the 9% and 20% for the 
composites with 5% and 10% azobenzene loading. The decrease of the 
residual strength was noticed too in composites that were exposed to visible 
light before impact test and prior to CAI. The percentage of decrease reached 
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21% and 23% for the composites with 5% and 10% azobenzene loading 
respectively. The results suggest that trans azobenzene (after exposure to 
visible light) prior to high-velocity impact has a negative effect on the residual 
strength. The decrease in CAI could be a result of increased interlaminar shear 
damage.194 This explanation can be supported by the fact that with increased 
trans azobenzene loading the absorbed energy after impact was found to be 
increased as well (section 4.2.5.1). As the level of damage increases, the 
structural strength of the composite after impact also decreases.186 Therefore, 
more failure was expected to occur (according to the damage assessment after 
impact, section 4.2.6) and less residual strength. 
 
 
Figure 4.2.17 Residual strength vs. azobenzene loading at UV irradiated samples 
prior to impact tests 
 
The graph in Figure 4.2.17 demonstrated that there is no apparent trend relating 
to the CAI experiments where the specimens were exposed to UV irradiation 
before the impact test. However, this graph (Figure 4.2.17) from CAI tests 
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demonstrated the same trend with the graph (Figure 4.2.7) from the 
compression tests (before impact) in section 4.2.4. An important observation is 
the effect of UV irradiation on the reference samples (0% azobenzene loading). 
In both graphs (Figure 4.2.16 and Figure 4.2.17) an approximately 10-15% 
decrease of the residual strength was noticed. These findings come in 
accordance with the compression tests, in section 4.2.4, where the effect is 
justified by the degradation of the mechanical properties due to UV irradiation. 
On the other hand the composites containing azobenzene (5% and 10%) 
demonstrated a slight increase of 5-8% of the residual strength after further 
exposure to UV light. The enhancement of composites’ residual compressive 
properties might have occurred due to the polymer chain rearrangement caused 
by the photoinduced transcis isomerisation. Another explanation for the 
increase in residual strength could be a better adhesion between the polar, cis 
azobenzene epoxy resins, with 3 Debye dipole moment, and glass fibres or 
because the polymeric matrix containing cis azobenzene chromophores 
demonstrate better compressive properties than with the non-polar, trans 
azobenzene with 0 Debye polarity.154 
 
 Post-impact damage assessment of photoresponsive 4.2.8
composites 
At the end of all the experiments some post-impacted samples were tested to 
see if there was any healing effect after UV irradiation. The composites were 
exposed to UV irradiation for 1 hr but no healing was apparent as seen in 
Figure 4.2.18 and Figure 4.2.19 possibly due to the large deformation area. As 
has been discussed earlier in section 4.1.2.8 higher chromophore loading might 
be required to increase the chain mobility for healing to occur in larger damaged 
regions. 
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Figure 4.2.18 Impacted specimens with 0% AB before and after UV irradiation 
 
 
Figure 4.2.19 Impacted specimens with 5% AB before and after UV irradiation 
 
The AFM studies, in section 4.1.2.8, demonstrated the influence of the damage 
area on the healing efficiency. Azobenzene epoxy resin films with smaller 
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damage depth (400-770 nm) obtained healing with higher ratios of 68-73%. On 
the other hand, when the damage depth was increased to 950 nm and 2700 nm 
the healing ratios decreased respectively to 55% and 40%. The damage 
recovery was attributed to the trans→cis photoisomerisation of the azobenzene, 
since the films without azobenzene did not indicate healing ratio when exposed 
the UV light under the same conditions. 
This outcome would have been expected because azobenzene isomerisation 
belongs to the intrinsic healing mechanisms, where a material has self-healing 
abilities triggered by damage or external stimulus such as heat, light, or 
pressure.24 Blaiszik et al. have proved that different healing mechanisms 
demonstrated healing for different damage volume regions.82 They verified that 
intrinsic healing systems are corresponding to small damage (0.01-0.5 mm3) 
and can potentially heal at the molecular scale. Vascular systems, where 
healing agents are embedded within a vascular network that has upto 3D 
connectivity are able to heal much larger damage volumes (0.1-100 mm3). 
Capsule-based approaches, where healing agents are dispersed in capsules 
are able to heal medium sizes damage areas (0.1-50 mm3). The damaged 
areas, in this PhD study, after impact, were found to be between 12,000 and 
24,000 mm3, as seen in previous section 4.2.6. The formation of this large 
damage area explains why healing effect was not obvious in composite 
matrices. 
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5 CONCLUSIONS 
The concept of photoresponsive composite materials is innovative and 
encouraging for both the defence and civil platforms due to the use of 
azobenzene molecules in the materials whose properties can be manipulated 
by light. This research concerned the synthesis and characterisation of 
functional photoresponsive polymers that were exploited to improve the 
mechanical properties of new formulations by UV light. 
A number of photoresponsive molecules and their polymers and copolymers 
have been synthesised. Their physical and mechanical properties were 
investigated in order to understand the photoresponsive behaviour of 
azobenzene molecules. Characterisation of these materials by conventional 
techniques such as NMR, FTIR, DSC and UV/Visible spectroscopy 
demonstrated some success in synthesising the materials to be used for 
composites preparation. 
It was observed by reflectance, UV/Vis and NMR spectroscopy that trans and 
cis isomers of the azobenzene molecules undergo reversible isomerisation from 
transcis and cistrans under the influence of light of appropriate wavelength 
(UV and visible), sonication and thermal treatment. 
DSC analysis showed that the Tg of the azobenzene acrylic-based polymers is 
higher (by 10-20°C) than that of PMMA. The nanoindentation tests that were 
conducted in poly(MMA/MOAB) thin films before and after exposure to UV light 
demonstrated a maximum increase in stiffness of 19% with an optimum 30 
mol% azobenzene loading. Remarkable healing of the indents occurred due to 
the UV triggering which enhanced the polymers’ mobility in the damaged region. 
Photo-triggered volume changes of this class of materials were not observed 
after gas pycnometry. Ultrasound-induced cistrans isomerisation was 
demonstrated here for the first time in azobenzene materials at solid state. It 
was found that a 20% of the cis isomers were converted to the trans form by 
CONCLUSIONS 
212 
 
ultrasonic agitation for 2 hrs while an additional 36% were isomerised by the 
associated temperature rise. 
Modified epoxy resins (mono- and di-functional) were synthesised by optimising 
an existing synthetic route. Investigation of, the monofunctional, 4-GOAB’ 
responses to light and its curing behaviour with diethylenetriamine was 
undertaken. The rates of cistrans isomerisation in the 4-GOAB and 4-
GOAB/DETA systems by visible light, thermal treatment and storage in the dark 
were studied using UV/Vis spectroscopy. The conformational changes in the 
two systems are influenced by the chemical structures of both systems and also 
by the method employed to trigger the isomerisation. The rate of cistrans 
isomerisation in 4-GOAB is faster by visible light than by heat or storage in the 
dark although visible irradiation involved smaller amount of energy compared to 
heat energy. Conversely, the rate of reversible trans/cis isomerisation is slower 
in the cured system (4-GOAB/DETA) than in the individual monomer (4-GOAB). 
The curing of the azobenzene epoxy resin was successfully accomplished for 
the first time and was confirmed by 1H-NMR, near-FTIR spectroscopy, and 
dynamic DSC analyses. It was found that only three molecules of 4-GOAB can 
react with one molecule of DETA although each DETA molecule possesses five 
reactive protons.  
Cured azobenzene epoxy resin films (with the difunctional 4,4´-DGOAB) were 
fabricated and penetrated using a common diamond scriber and a pin and AFM 
analysis demonstrated that after UV light irradiation a significant recovery of 55-
73% of the polymers was observed. The healing character of the particular 
polymers is attributed to the azobenzene isomerisation, which by the 
geometrical changes that UV light triggers, enables the mobility of the whole 
polymeric matrix. Reflectance spectroscopy analysis and images after 
nanoindentation verify the healing effect. Azobenzene-based epoxy polymers 
could find applications where shape memory materials or self-healing agents 
are required. 
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Fracture mechanics studies on epoxy-based polymeric matrices with 0%, 5% 
and 10% azobenzene loading were conducted before and after UV irradiation. It 
was demonstrated that the azobenzene chromophores (in their trans form) 
increase the plasticity of the matrix and crack propagation occurs slower in 
comparison to the control specimens. An 11% increase in KIC was observed at 
specimens with 10% azobenzene loading. On the other hand, UV light 
increases the brittleness of the matrix with higher azobenzene loading. This 
phenomenon is attributed to the azobenzene isomerisation which might 
transform to a higher rigidity the matrix by forming physical cross-linking when 
the chromophores are in the molar polar (3 D) cis form. 
After having reinforced the modified epoxy resins with glass fibres, the 
manufactured composites were examined for their quality and void and fibre 
volume fractions. All the panels demonstrated good quality, with typical fibre 
volume fractions of 31-43% and slightly higher than the normal void volume 
fractions of 6-16%. The photoresponsive behaviour of the specimens was 
analysed with reflectance spectroscopy, which indicated the required UV 
exposure time for complete conversion of the azobenzene molecules from 
trans→cis is 1 hr. Measurements with a thermal camera showed a temperature 
increase of 3.5-6°C of the UV irradiated photoresponsive composites and a 
thermal relaxation to take place within 20 min. The UV treated composites 
exhibited a 16% increase in compressive strength with the higher azobenzene 
loading of 10% due to the polymer chain rearrangement caused by the 
photoinduced transcis isomerisation. The impact energy at 190 m/s of the 
glass/epoxy composites with 0%, 5% and 10% azobenzene loading before their 
failure was measured. The influence of light irradiation on these materials was 
also evaluated. The results show that trans azobenzene is a good impact 
energy absorbing material, probably due to the geometrical isomerisation that 
could occur due to the stress of the impact. Nevertheless, the damaged area 
that occurred during the impact test was higher with azobenzene and in 
particular without exposure to UV light. The azobenzene loading appeared to 
decrease the residual strength after exposure to UV light before the CAI tests. 
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Examination of the fractured specimens by visual/light inspection showed a 
similar degree of damage for non-irradiated composites with and without 
azobenzene. 
To summarise synthesis, characterisation and analysis were performed to 
identify materials that would offer optimum performance to be able to use in 
photoresponsive composites formulation. It is believed that the combination and 
the comparison of different azobenzene polymers with resins will offer valuable 
information to the world of smart engineering materials. 
 
5.1 Future work 
 It would be extremely useful if low-velocity impact tests were performed in 
photoresponsive composites. Low-velocity impact tolerance is depending 
on the target stiffness, material properties and the projectile’s mass and 
stiffness. 105 At low-impact energy (1-5 J) minimal damage would occur and 
information about matrix cracking and delamination initiation will be 
revealed. It is expected that higher absorption energy will correspond to 
composites with higher azobenzene loading. 
 
 The synthesis of 2,2’-diglycidyloxyazobenzene, shown in Figure 5.1.1, will 
involve functional groups to different positions (2,2’) of the phenyl rings. This 
study will investigate the effect of the location of the azobenzene on the rate 
of isomerisation and on the stiffness of the polymers. It is expected that this 
type of molecules may undergo mechanical isomerisation resulting in the 
similar mechanical properties in response to UV light. If this will be 
demonstrated there will be no need for UV irradiation to isomerise the 
azobenzene molecules. This can be a very promising approach because the 
linkage of the azobenzene with the polymeric matrix would be closer to the 
nitrogen double bond nitrogen, where the isomerisation occurs. Thus the 
obtained photomechanical changes can be proven more forceful. 
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Figure 5.1.1 Synthesis of 2,2’diglycidyloxyazobenzene 
 
 The use of difunctional azobenzene crosslinkers with a short spacer (2-5 
ehtylene groups) might lead to an optimum effect of transcis 
isomerisation. The photoinduced changes would be able to affect the whole 
polymer chains but at the same time, because of the spacer, the stresses 
induced by UV-induced transcis conversion will be eliminated due to 
higher free volume space. In this way, the compressive properties of the 
photoresponsive composites could be enhanced. 
 
 Another possibility for observing healing effect in larger areas would be the 
use of a hybrid polymer matrix with a more flexible polymer (e.g. 
polyurethane) than epoxy. The disadvantage of the introduction of 
increased mobility within the material is the reduction of the mechanical 
properties.195 By increasing the flexibility of chains between crosslinks it 
would facilitate the photochemical transcis azobenzene isomerisation and 
lead to higher elastic recovery and scratch resistance but lower chemical 
resistance. A flexible network with high amounts of urethane linkages would 
involve physical crosslinks with reversible hydrogen bonding. Since the 
polymer matrix would be flexible, temperatures beyond the polymer Tg 
would permit enough flow for surface recovery in a scratch healing 
mechanism.  
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Appendix A  
A.1 Isolation and Purification Processes 
All the chemical substances purchased or those synthesised in the lab were not 
always 100% pure. Therefore their purity should be tested before being used for 
chemical synthesis. The presence of impurities in the reagents could 
contaminate the target products. Many synthesised products should be isolated 
in pure form for being characterised. The following techniques were applied to 
purify the materials in these investigations.
130
 
In some synthetic works, such as in sections 3.1.1.2 and 3.1.1.5 solvent 
extraction technique was used. For the liquid extraction, in order to remove 
unwanted substances from the crude products, a conical separator funnel fitted 
with a stopcock was required. The mixture of an organic and an aqueous 
solution resulted to the isolation of dissolved products into the organic phase 
from the impurities that have been trapped in the water. This procedure was 
repeated and the two phases were collected separately every time. The 
purification of solids was conducted by recrystallisation. Appropriate solvents 
and temperature ranges were applied to dissolve the impurities and easily 
separate the latter from the crystals of the product. 
When the isolation of the products from impurities was not efficient by solvent 
extraction or recrystallisation, the column chromatography process was 
conducted instead.12 The fundamental equipment for CC was a long narrow 
glass tube fitted with a glass stopcock. With this technique a desired compound 
can be isolated from a mixture. During this experimental work, silica gel (SiO2) 
with particle size 33-70 m was the absorbent that was used for column 
packing. The selection of an efficient solvent was important; not too polar 
because that would not lead to layers separation from the fast motion of the 
substances. Alternatively if the eluent was too slow no substances would be 
eluted from the column. This procedure was very robust and the obtained 
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product was completely purified. The disadvantages of this technique were that 
it required enough time and after its completion a respectful amount of the 
product (~10-20%) was lost through the column, due to interactions with the 
silica. 
For the removal of bulk amount of solvents after solvent extraction or CC, rotary 
evaporation was used. The separation of liquids from a reaction mixture was 
obtained by the use of a Rotevapor BUCHI Vacuum Controller V-805. It is a 
rapid and simple method. The solution in the rotating flask, with the aid of 
reduced pressure and heat transfer, was evaporated fast, preventing any local 
overheating while the content was mixing homogeneously. At the end of this 
process, only solid particles were present into the flask. The purification of the 
chemical compounds for the removal of any trapped solvent was achieved by 
drying the samples under high vacuum at room temperature. This method is 
based on the high reduced pressure that can eliminate any traces of residual 
solvent. 
 
 
A.2 Solvent effect on polymer synthesis 
It has been reported that synthesising PMMA with different solvents can affect 
the mechanical and thermal behaviour of the polymer.126, 127 Thus, the selection 
of an appropriate solvent for the synthesis of PMMA incorporated with 
azobenzene groups would be an essential research attempt. The thermal and 
spectroscopic properties of azobenzene based polymers synthesised by using 
THF (sample CV2.1), DMF (sample CV2.2) and DMSO (sample CV2.3) were 
investigated and evaluated. 
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Table 5.1.1 Information for THF, DMF and DMSO solvents 
Solvents THF DMF DMSO 
Molecular structure O
 N
O
 
S
O
 
UV absorbance cut-
off (nm) 
240 265 265 
Polarity Index 4.0 6.4 7.2 
Toxicity Relatively 
non-toxic 
Health hazardous Low toxicity 
 
 
Figure 5.1.1 UV/Vis spectra of THF, DMF and DMSO before and after 1 min of UV 
irradiation at 500 mW/cm2 
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These solvents were chosen due to their common usages and were examined 
by UV/Vis based on their different polarity and their toxicity. The data are 
illustrated in Table 5.1.1. The characteristic absorbance bands between 240 
and 265 nm are shown in Figure 5.1.1. THF, DMF and DMSO’s absorbance 
bands did not change significantly upon 1 min of UV irradiation. DMSO was 
determined as the most appropriate solvent for the UV/Vis spectroscopy 
measurements of azobenzene based monomers and polymers as its cut off 
peak interrupts the azobenzene signals minimally. 
A.3 Thin layer chromatography 
Thin layer chromatography (TLC) was conducted almost after each step of the 
reactions due to its reproducible, fast, cheap and highly accurate qualitative 
character for the detection of substances. It only required chromatographic 
plates where spots of any known substances and our product were spreading 
from the bottom to the top of the plates with unique velocities. The choice of 
suitable solvent or mixture of solvents was crucial in order to provide 
appropriate characteristic constants for each chromatographic system. 
A.4 NMR studies 
  
Figure 5.1.2Scematic representation of different energy profiles of azobenzene 
isomers. (Taken from Ref.196) 
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Figure 5.1.3 1H NMR spectra of 4,4´-DGOAB in DMSO-d6 solution a) non-
irradiated, b) after 1 min exposure to UV light, c) after exposure to 60 min 
sonication and d) after exposure to 120 min sonication 
  
Figure 5.1.4 Concentrations of cis isomers calculated from the integrals of the 
protons of the cis benzene rings at  6.8297-6.927 ppm 
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A.5 HPLC studies 
 
In this section chromatograms of materials with their characteristics (retention 
time, peak area and height) after HPLC are presented. 
 
 Initial 4,4´-DGOAB 
 
 
 Name Retention 
Time 
Area Heigh
t 
1  0.992 48850 4987 
2  1.306 18396 3843 
3  1.487 98521 21222 
4  1.705 269952 60199 
 
 
 UV irradiated 4,4´-DGOAB 
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 Name Retention 
Time 
Area Height 
1  0.804 28337 4630 
2  0.991 463289 79968 
3  1.489 10131 2083 
4  1.708 26232 5796 
 
 
 UV-Sonicated 4,4´-DGOAB 
 
 
 
 Name Retention 
Time 
Area Height 
1  0.805 16954 2585 
2  0.991 227388 38587 
3  1.308 14047 2574 
4  1.491 62778 13185 
5  1.710 170406 36905 
 
 
 
 Initial 4,4´-DHAB 
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 Name Retention 
Time 
Area Height 
1  0.535 2223 451 
2  0.691 5414 1120 
3  0.849 467578 110690 
 
 
 UV irradiated 4,4´-DHAB 
 
 
 
 
 Name Retention 
Time 
Area Height 
1  0.534 2068 433 
2  0.687 5325 1072 
3  0.848 464100 109880 
 
 
UV-Sonicated 4,4´-DHAB 
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 Name Retention 
Time 
Area Height 
1  0.533 1741 394 
2  0.683 4524 968 
3  0.848 462862 110658 
 
 
 Initial ACN 
 
 
 
 UV irradiated ACN 
 
 
 
 UV-Sonicated ACN 
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A.6 Nanoindentation studies 
 
APPENDICES 
227 
 
A.7 FTIR studies 
In this section FTIR spectra of the materials are presented. 
 
 
Figure 5.1.5 4-Glycidiloxyazobenzene Infrared spectrum 
Bond Compound Type Frequency range, cm-1 
C-H aromatic rings 3053.74 
  Alcanes 2927.44 
C=C aromatic rings 1500, 1600 
N=N diazo- 1581.75 
C-N amine 1224.04-1256.78 
C-O ether 1070.51-1143.99 
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Figure 5.1.6 Epichlorohydrin Infrared spectrum 
 
 
Figure 5.1.7 4-Phenylazophenol Infrared spectrum 
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Figure 5.1.8 CV2.1, 2.2, 2.3 copolymers Infrared spectrum 
 
A.8 UV/Vis studies 
 
In Table 5.1.2 three spectral regions, UV/Vis, IR and radio wave, with their 
produced phenomena and their associated wavelengths are listed. The 
identification of the samples in this project was accomplished after collecting 
and analysing these three spectra. 
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Spectral Region Wavelength Special phenomena 
Ultraviolet/ 
Visible 
200-400nm/ 
400-750nm 
Outer electron transitions 
Infrared 13333-400nm Molecular vibrations 
Radio wave 10-50m 
190-555m 
1000-2000m 
Nuclear magnetic 
resonance 
Table 5.1.2 Regions of the electromagnetic spectrum (Taken from Ref.130) 
 
 UV/vis studies of azobenzene molecules exposed to ultra sound (without 
UV irradiation). 
 
 
Figure 5.1.9 UV irradiated solution of 4,4´-DGOAB of 0.25 mg/ml in DMSO-d6 after 
sonication and storage in the dark 
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Complete cis →trans isomerisation occurred upon 30 min sonication (in 
agreement with lit.). Partially trans→cis isomerisation (6%) occurred upon 150 
min sonication. After 8 days in the dark the solution seems more concentrated, 
probably due to solvent evaporation but here the peak at 300 nm seems to have 
been decreased. 
 
From UV/Vis measurements (Figure 5.1.9 and Figure 5.1.10) sonication at UV 
irradiated and non-irradiated 4,4´-DGOAB molecules induces trans to cis 
isomerisation ~6% in DMSO solution. 
 
 
Figure 5.1.10 Non-irradiated solution of 4-GOAB of 0.25 mg/ml in DMSO-d6 after 
sonication 
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 UV/vis studies of mono- and di-functional azobenzene molecules. 
 
Photo-switchable molecules such as azobenzene change their 
molecular conformation when exposed to light irradiation (Figure 5.1.11 
and Figure 5.1.12). Azobenzenes have two isomeric states: a thermally 
stable trans configuration, and a meta-stable cis form. Under irradiation, 
a fraction of the trans-azobenzenes will be converted to the cis form, 
which will thermally revert to the more stable trans on a timescale 
determined by the molecule’s particular substitution pattern. 
 
 
Figure 5.1.11 Non-irradiated solutions of mono- and di-functional azobenzene 
molecules of 0.25 mg/ml in DMSO 
APPENDICES 
233 
 
 
Figure 5.1.12 Solutions of mono- and di-functional azobenzene molecules of 0.25 
mg/ml in DMSO upon UV irradiation 
 
 
Table 5.1.3 Parameters of the first-order trans-to-cis isomerisation reaction of 
azobenzene molecules 
Molecules (t=t1/2) 
sec 
Ao – Amax At – Amax ln {(Ao - Amax) /(At-
Amax)} 
ktrans->cis (s
-1) 
HAB 4 0.734 0.290 0.929 0.232 
4,4´-
DHAB 
2 0.878 0.120 1.987 0.994 
MOAB 9 0.938 0.130 1.974 0.219 
4,4´- 11 1.260 0.260 1.578 0.149 
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DMOAB 12 1.260 0.198 1.853 
GOAB 6 0.578 0.047 2.500 0.421 
7 0.578 0.029 2.976 
4,4´-
DGOAB 
7 0.908 0.533 0.534 0.076 
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Appendix B  
B.1 Glass fibres–Reinforcement 
Glass is the most common and inexpensive fibre for the reinforcement of 
polymer matrices. It has a high tensile strength and fairly low density.197 Glass 
fibres are manufactured by drawing molten glass into very fine threads. They 
are strong and characterised by lack of rigidity regarding their molecular 
structure. The main fibre glass, called E-glass, for composite materials is 
constituted by ordinary borosilicate glass. Another kind of glass fibre is the S-
glass, which presents better properties than E-glass, like strength and thermal 
stability, but its higher cost is the reason for its limited use.93 
Here, it should be mentioned that one of the important reasons of using glass 
fibres in the composites is because of their transparency. The goal of our 
studies is to investigate the photo-mechanical properties of azobenzene 
composite materials and thus the need of light passing through the material, 
without being absorbed, is required. 
B.2 Epoxy polymer matrices 
As has been mentioned previously, most of the reinforced polymers consist of 
hard fibres, like glass, in a weak, brittle polymer matrix, like epoxy. The optimum 
result of this combination is that they form tough composites attributed to their 
heterogeneous structure.93 The polymer matrix plays an important role in the 
composites as it is responsible for binding the fibres together. 
Epoxy resin are widely used in composite’s formulation for aerospace, 
automotive and electronics industries.198 They exhibit excellent bonding with 
glass, higher chemical resistance than the polyesters and are not affected by 
water (moisture absorbance reduces the composite’s mechanical properties). 
Epoxy/glass fibre composites are prepared by coating glass fibre with epoxy 
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resin (two parts epoxy resins are mixed before use) and then heating until 
forming a hard matrix. 
 
 
B.3 Compression tests 
Initial experiments for identifying the influence of azobenzene by using 1 mol% 
diglycidyloxyazobenzene were performed and their compressive strength was 
compared with the control samples before and after exposure to UV light. 
Composite panels of (25 cm x 50 cm) of 20 balanced and symmetrical plies (~4-
5 mm thickness) were manufactured. The structure of the laminates is 
illustrated in Figure 5.1.13. The curing conditions were identical with those 
mentioned in section 3.2.2 (Vacuum: -27.4 mmHg, Temperature: 25→80°C @ 
2°C/min, 80°C for 2 hrs, Pressure: 0→50 psi @ ~1.5-2 psi/min, 50 psi for 2 hrs). 
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Figure 5.1.13 Laminate’s structure 
Table 5.1.4 presents the values of the compressive strength at fracture 8 and 
Young’s Modulus of the composites containing 0 and 1 mol% azobenzene, 
before and after UV irradiation. A slightly decrease in compressive strength was 
noticed for the composites without azobenzene after have been exposed to UV 
light. This reduction confirms that UV light is an environmental stress that 
weakens the mechanical properties of the composites. 
On the other hand, a 10.17% increase in compressive strength was observed 
for the composites with 1 mol% azobenzene after the UV exposure. These 
results suggested photo-induced enhancement of the composites’ mechanical 
properties and thus panels with higher azobenzene loading were manufactured 
and more tests were performed to understand this phenomenon. 
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Table 5.1.4 Compressive strength and Young’s Modulus of UV and non-irradiated 
composites 
 No of 
samples 
Young’s Modulus  Compressive fracture 
strength 8 
Non-irradiated 
Glass/Epoxy 
6 19.83 ± 2.75 70.01 ± 21.65 
UV irradiated 
Glass/Epoxy 
3 20.54 ± 0.27 65.92 ± 32.41 
Non-irradiated 
Glass/Epoxy_1%AB 
3 16.47 ± 2.15 46.22 ± 3.67 
UV irradiated 
Glass/Epoxy_1%AB 
3 16.99 ± 2.86 50.92 ± 14.03 
 
 
B.4 Impact tests 
In this section all the photo-frames of the composites that were penetrated for 
this Thesis during impact testing are presented. 
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Figure 5.1.14 Impact tests at 190 m/s Control NO UV irradiation 
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Figure 5.1.15 Impact tests at 190 m/s 5% AB NO UV irradiation 
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Figure 5.1.16 Impact tests at 190 m/s 10% AB NO UV irradiation 
APPENDICES 
242 
 
 
Figure 5.1.17 Impact tests at 190 m/s control after 1hr UV irradiation 
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Figure 5.1.18 Impact tests at 190 m/s 10%AB after 1hr UV irradiation 
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Figure 5.1.19 Impact tests at 190 m/s 5%AB NO UV irradiation (2nd) 
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Figure 5.1.20 Impact tests at 190 m/s 10%AB NO UV irradiation (2nd) 
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Figure 5.1.21 Impact tests at 190 m/s control NO UV irradiation (2nd) 
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Figure 5.1.22 Impact tests at 190 m/s 5%AB after UV irradiation 
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Figure 5.1.23 Impact test at 130 m/s control NO UV irradiation 
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Figure 5.1.24 Impact test at 130 m/s 5%AB NO UV irradiation 
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Figure 5.1.25 Impact test at 130 m/s 10%AB NO UV irradiation 
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Figure 5.1.26 Impact test at 370 m/s control NO UV irradiation 
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Figure 5.1.27 Impact test at 370 m/s 5%AB NO UV irradiation 
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Figure 5.1.28 Impact test at 370 m/s 10%AB NO UV irradiation 
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Figure 5.1.29 Impact test at 190 m/s control after UV irradiation 
(2nd) 
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Figure 5.1.30 Impact test at 190 m/s 5%AB after UV irradiation 
(2nd) 
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Figure 5.1.31 Impact test at 190 m/s 10%AB after UV irradiation 
(2nd) 
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B.5 Hyperspectral analysis 
In these studies, we were trying to identify if there are any spectral differences 
that might occur due to the trans/cis isomerisation after exposure to UV light 
using a hyperspectral camera. Hyperspectral camera uses a spectral sensing 
technique which captures hundreds of narrow waveband images in the short 
wave infrared (SWIR) region of the electromagnetic spectrum. An SWIR camera 
was used on 0% and 5% azobenzene composites. 
As can be seen below within this wavelength range the conformational changes 
weren't obvious. 
 
 
Figure 5.1.32 Experimental setup for SWIR studies on glass fibre composites 
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Figure 5.1.34 Images of 5% azobenzene epoxy/glass fibre composites before, 
during and after 15 min UV irradiation 
 
Figure 5.1.33 Images of epoxy/glass fibre composites before, during and after 
15 min UV irradiation 
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Figure 5.1.35 Combined Reflectance of 0% and 5% AB Epoxy at TOP ROI 
 
Figure 5.1.36 Combined Reflectance of 0% and 5% AB Epoxy at Middle ROI 
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Figure 5.1.37 Combined Reflectance of 0% and 5% AB Epoxy at Bottom ROI 
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Appendix C  
In this section a publication list has been developed with all the novel results of 
this work is presented. Moreover the attended conferences with the awards that 
were obtained during this PhD are enlisted below. 
C.1 Publications 
 M. Moniruzzaman, P. Christogianni, G. Kister “Reversible isomerisation 
and cure monitoring of epoxy azobenzene resins”, Journal of Applied 
Polymer Science, 2014, Vol 131, 40770 
 P. Christogianni, M. Moniruzzaman, G. Kister “Enhancement of 
Mechanical Properties of Photo-Responsive Polymers”, Macromol. 
Symp., 2015, 354, 55–61 
 P. Christogianni, M. Moniruzzaman and G. Kister, Light-triggered 
enhancement of mechanical properties and healing effect in 
azobenzene-based polymer films, POLYMER, 2015, 77, 272-277. 
 M. Moniruzzaman, P. Christogianni, and G. Kister “Self-healing in epoxy 
thermoset polymer films triggered by UV light”, Procedia Engineering, 
2016,148, 114-121, 
 P. Christogianni, M. Moniruzzaman, G. Kister, P. Gill “Ultrasound-
induced switching of molecular structures in polymer thin films”, 
(Submitted at Chemical Communications RSC Journal/ Feb. 2016) 
C.2 Conferences/Symposia/Forums 
 November 2015, Defence and Security Doctoral Symposium, Defence 
Academy of the United Kingdom, Shrivenham, 3 Minutes Thesis 
Competition: “Characterisation of Photoresponsive Composites for 
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Defence Applications”, Poster Presentation: “Self-healing behaviour of 
photoresponsive thermosets” 
 May 2015, 7th MAST Defence Materials Forum (DMF), Defence 
Academy of the United Kingdom, Shrivenham, Oral Presentation: “High-
velocity impact behaviour of composites enhanced by photosensitive 
polymers” and Poster Presentation 
 September 2014, 5th EuCheMS Chemistry Congress, Istanbul, Turkey, 
Poster Presentation: “Photo-mechanical properties of epoxy-based 
resins” 
 July 2014, IUPAC World Polymer Congress MACRO2014, Chiang Mai, 
Thailand, Oral Presentation: “Light-driven enhancement of mechanical 
properties of polymers” 
 February 2013, National PhD Scheme Conference, The Kassam 
Stadium, Oxford, Poster presentation: “Photo-mechanical properties in 
acrylic and epoxy based polymers” 
C.3 Awards 
 May 2015, 7th MAST Defence Materials Forum (DMF), Best poster prize 
award, Poster Presentation 
 September 2014, 5th EuCheMS Chemistry Congress, Travel grants-
Student Bursary by Royal Society of Chemistry (£500), Istanbul, 
Turkey, Poster Presentation 
 September 2012, Institute of Process, Research & Development (iPRD) 
Course “Chemistry for Engineers and Scientists”, Award of an RSC-
PTG Student Bursary (£300), University of Leeds 
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